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As the demand for sustainable energy technologies increased in recent years to 
alleviate the dependence on carbon sources of energy, renewable energy sources 
such as solar, wind, hydro, thermoelectric, etc have broken newer grounds and 
entered the commercial market. Thermoelectric modules and generators have shown 
promising heat to electrical energy conversion capabilities. Studied materials for these 
modules include metal oxide, chalcogenide, skutterudites, Half-Heusler alloys etc. 
ZnO is one of the sought-out metal oxides for thermoelectricity applications, because 
of its low cost, low toxicity, environmentally friendly status, tunable electronic 
properties, and conventional synthetic methods. The current thermoelectric materials 
in the market have efficiency limitations due to the lack of structural modification that 
can promote higher electrical conductivity and larger heat resistance resulting in 
improved performance. Therefore, designing and synthesizing materials with 
enhanced structural and transport properties via modification with 2D materials and 
metal dopants for effective performance is the objective of the work presented.  
This study investigates the effect of aluminium doping, and titanium carbide (TiC) 
modification on the thermoelectric properties of ZnO through the synthesis of undoped 
ZnO, Al-doped ZnO (Al-ZnO) and TiC modified Al-doped ZnO (TiC@Al-ZnO). 
Synthetic methods such as hydrothermal, coprecipitation, and mechanical alloying 
were employed to get the ZnO materials. The morphological features of the composite 
material were studied using the following analytical instruments XRD, HRTEM, 
SEM/EDS, UV-Vis and TGA. The electrical and thermal conductivity measurements 
on the nanocomposite were obtained using Van der pauw 4 probe collinear method. 





after Al and TiC modification. TiC@Al-ZnO nanocomposite exhibited the lowest 
thermal conductivity and highest power factor than Al-doped ZnO. Furthermore, the 
introduction of TiC and Al caused an enormous enhancement on the Seebeck 
coefficient of ZnO reaching 105 µV K-1 AT 960 K, and a figure of merit value of 0.34 
at 960 K. There was an increase in negative Seebeck coefficients suggesting that the 
amount of active charge carrier, with significant energy, was temperature and 
structure-dependent. The experimental data obtained in this work showed the effect 
of both Al concentration and TiC nanosheet reinforcement on the thermoelectric 
properties of ZnO. 
The study also delved into the enhancement of thermoelectric properties of bulk 
Indium Triphosphide (InP3) and its layered superlattice formation as a potential 
thermoelectric material through computer modelling. The calculations were 
undertaken using the Quantum Expresso (QE) v.6.4.1, to try and map the correlation 
with existing experimental data. All the DFT core plane-wave functions in QE were 
performed in the Plane-Wave Self-Consistent Field component (PWscf). The systemic 
study of the electronic and optical properties of Indium Triphosphide was simulated 
using first-principle calculations. The relationship between layer thickness and 
electronic structure of an easily exfoliated two dimensional (2D) InP3 material was also 
determined. From the first principle calculations (DFT), we report that both the 
monolayer (1L) and bilayer (2L) InP3 had relatively similar indirect electronic bands of 
1.13 eV and 1.04 eV respectively, and low cleavage energies of 1.39 J.m-2 and 0.94 
J.m-2 lower than that of graphene 0.32 J.m-2. The band structure and bandgap can 
be tuned across a range of 1.13 to 0 eV by stacking multiple layers of InP3.  The 
monolayer and bilayer InP3 showed large absorption coefficients linked to the van 





and large optical absorption coefficients give rise to the potential exploration of InP3 
in nano-electronic materials and photonic applications. The proposed experimental 
and theoretical studies could be useful for designing ZnO composite with 2D structures 
to explore charge transfer mechanism, electronic and optical properties. Furthermore, 
the investigation of InP3 can lead to more understanding of the potential it has as a 
thermoelectric material. This could then pave the way for the fabrication of new 


















TABLE OF CONTENTS 
DECLARATION ........................................................................................................... i 
DEDICATION. ............................................................................................................ iii 
PUBLICATIONS AND PRESENTATIONS .................................................................iv 
ACKNOWLEDGEMENTS .......................................................................................... v 
ABSTRACT ............................................................................................................... vii 
TABLE OF CONTENTS ............................................................................................. x 
LIST OF TABLES ......................................................................................................xv 
LIST OF FIGURES AND SCHEMES........................................................................ xvi 
LIST OF APPENDIX AND SCHEMES ......................................................................xx 





CHAPTER 1: INTRODUCTION ................................................................................. 1 
1.1 BACKGROUND ............................................................................................... 1 
1.2 PROBLEM STATEMENT ................................................................................ 3 
1.3 JUSTIFICATION .............................................................................................. 4 
1.4 AIM AND OBJECTIVES OF THE STUDY ..................................................... 10 
1.4.1 AIM ................................................................................................. 10 
1.4.2 OBJECTIVES .................................................................................. 10 
1.5 STRUCTURE OF THE THESIS..................................................................... 11 
1.6 REFERENCES .............................................................................................. 12 
CHAPTER 2 : LITERATURE REVIEW .................................................................... 19 
2.1 INTRODUCTION ........................................................................................... 19 
2.2 HISTORY AND THE FUNDAMENTALS OF THERMOELECTRIC EFFECT . 20 
2.2 CONCEPTS IN THERMOELECTRIC MATERIALS ....................................... 24 
2.4 THERMOELECTRIC PROPERTIES ............................................................. 25 
2.4.1 Seebeck Coefficient ........................................................................ 26 
2.4.1 Lattice Thermal Conductivity ........................................................... 30 
2.5 ELECTRICAL CONDUCTIVITY AND RESISTIVITY ..................................... 43 
2.5.1 Charge Carrier Mobility ...................................................................... 45 
2.5.2 Charge Carrier Concentration ............................................................ 46 
2.5.3 Enhancing Electrical Conductivity ................................................... 47 
2.6 FIGURE OF MERIT ....................................................................................... 49 
2.6.1 Mass Fluctuation Strategy (Half Heusler)........................................ 51 
2.6.2 Nanostructuring ............................................................................... 52 
2.7 SINGLE PARABOLIC BAND AND KANE BAND ........................................... 55 
2.8 THE CONCEPT OF NOVEL THERMOELECTRIC MATERIALS................... 62 
2.8.1 Effect of low dimensional materials on thermoelectric properties.... 62 
2.8.2 Properties of Low Dimension Thermoelectric Materials .................. 65 
2.9 RECENT PROGRESS OF THERMOELECTRIC METAL OXIDE.................. 67 
2.9.1 Zinc Oxide (ZnO) ............................................................................ 67 
2.10 THEORETICAL STUDY (Software and Methods) ......................................... 69 





2.10.2 Density Functional Theory (DFT) .................................................... 71 
2.10.3 Molecular Dynamics (MD) ............................................................... 72 
2.10.4 QUANTUM ESPRESSO Suite ........................................................ 72 
2.11 CURRENT STUDY ........................................................................................ 75 
2.12 REFERENCES .............................................................................................. 77 
CHAPTER 3 : EXPERIMENTAL AND COMPUTATIONAL METHODOLOGY ..... 103 
3.1 INTRODUCTION ......................................................................................... 103 
3.2 REAGENTS AND SOLVENTS .................................................................... 104 
3.3 EXPERIMENTAL METHODOLOGY ............................................................ 105 
3.3.1 Synthesis of the Nanomaterials .................................................... 105 
3.3.2 Characterization Techniques ........................................................ 108 
3.3.3 Thermoelectric Applications .......................................................... 113 
3.4 COMPUTATIONAL METHODOLOGY ......................................................... 118 
3.4.1 Test of Convergence ..................................................................... 119 
3.4.2 Electronic Band Structure ............................................................. 120 
3.4.3 Effective Mass Charge .................................................................. 121 
3.5 REFERENCES ............................................................................................ 122 
CHAPTER 4 : Thermoelectric, Electronic and Optical Response of 
Nanostructured Al-doped ZnO @ 2D-TiC Composite........................................ 127 
4.1 INTRODUCTION ......................................................................................... 127 
4.2 EXPERIMENTAL DETAILS ......................................................................... 131 
4.2.1 Synthesis of Al-ZnO particles ........................................................ 131 
4.2.2 Preparation of Titanium Carbide (TiC) .......................................... 131 
4.2.3 Preparation of Al-ZnO@TiC .......................................................... 132 
4.2.4 Seebeck Coefficient Measurement ............................................... 133 
4.2.5 Thermal Conductivity Measurement ............................................. 134 
4.2.6 Characterization ............................................................................ 134 
4.3 RESULTS AND DISCUSSION .................................................................... 134 





4.3.2 SEM and EDX Analysis................................................................. 137 
4.3.3 TEM analysis ................................................................................ 140 
4.3.4 Optical Properties ......................................................................... 141 
4.3.5 Thermogravimetric Analysis .......................................................... 144 
4.4 Effect of Al concentration on Charge transport properties of Al/ZnO 
nanoparticles and 2%Al-ZnO@TiC nanocomposite. .............................................. 145 
4.4.1 Thermal Conductivity .................................................................... 145 
4.4.2 Electrical Conductivity ................................................................... 148 
4.5 Thermoelectric properties of Al-ZnO and 2%Al-ZnO@TiC nanocomposite. 152 
4.5.1 Seebeck Coefficient ...................................................................... 152 
4.5.2 Figure of Merit ............................................................................... 153 
4.6 CONCLUSION ............................................................................................. 155 
4.7 REFERENCES ............................................................................................ 157 
CHAPTER 5 : Multilayer-dependent Properties of Indium Triphosphide (InP3) 
for Optical and Thermoelectric Applications: A First Principle Study ............ 167 
5.1 INTRODUCTION ......................................................................................... 167 
5.2 COMPUTATIONAL METHODOLOGY ......................................................... 169 
5.3 RESULTS AND DISCUSSION .................................................................... 170 
5.3.1 Electronic Structure ....................................................................... 170 
5.3.1.2 Monolayer InP3 ............................................................................. 172 
5.3.2 Optical Properties ......................................................................... 181 
5.4 TRANSPORT PROPERTIES....................................................................... 186 
5.4.1 Charge Carrier Parameters ........................................................... 186 
5.5 CONCLUSION ............................................................................................. 187 
5.6 REFERENCES ............................................................................................ 189 
CHAPTER 6 : CONCLUSION AND RECOMMENDATIONS ................................. 195 
6.1 CONCLUSION ............................................................................................. 195 





APPENDIX 1 .......................................................................................................... 199 
A.1 Electronic properties (Bandgap)....................................................................... 199 
A.2 TRANSPORT PROPERTIES ........................................................................... 201 
I. Thermal voltage vs Al content ....................................................... 201 
II. Electron filtering effect .................................................................. 201 
III. Activation Energy vs Al% concentration ........................................ 202 
APPENDIX 2 .......................................................................................................... 204 
A.2 STRUCTURAL PROPERTIES ......................................................................... 204 
I. Structural Relaxation ..................................................................... 204 
II. Electronic Properties (Band Structure) using GGA-PBE ............... 205 








LIST OF TABLES 
 
 
Table Description Page 
Table 3.1: List of reagents used. ............................................................................ 104 
Table 3.2: SEM source components and detectors [28]. ........................................ 110 
Table 3.3: Hardware parameters for the cluster used for first-principles calculations.
 ...................................................................................................... 119 
Table 4.1: The effect of Al and TiC content on the bandgap, particle size and internal 
strain...................................................................................................... 136 
Table 4.2: Illustrates the calculated barrier energies for varying Al-doped ZnO. .... 150 
  
Table 5.1: Illustrates the structural and electronic properties of InP3 calculated using 

















LIST OF FIGURES AND SCHEMES 
 
 
Figure Description Page 
 
Figure 2.1: A schematic diagram showing the mechanism and electron flow during the 
production of a temperature gradient from an applied current. ....... 21 
Figure 2.2: A schematic diagram showing heat polarization in a thermoelectric 
material. .......................................................................................... 27 
Figure 2.3: Three phonon scattering processes, (a-b) N-process and (c) U-process.
 ........................................................................................................ 32 
Figure 2.4: Schematic diagram showing the PGM analogy of the classical gas-model.
 ........................................................................................................ 35 
Figure 2.5: Different phonon-scattering processes and their contribution to thermal 
conductivity. .................................................................................... 37 
Figure 2.6: Schematic illustration of the history of thermoelectric materials and the 
different approaches to improving the ZT........................................ 50 
Figure 2.7:  (a-b), types of organized and disorganized nanomaterials with the effects 
of nanostructures on the thermoelectric efficiency. (c) phonon 
scattering, (d) phonon bandgap, (e) energy filtering effect and carrier 
type, (f and h) modification of DOS for quantum dots/superlattice via 
quantum confinement and (g) doping [125]..................................... 53 
Figure 2.8: Schematic band structure of the valence band edge in ZnSb. ............... 59 





Figure 2.10: Schematic band structure of the conduction band edge of Mg2Si0.3Sn0.7.
 ........................................................................................................ 61 
Figure 2.11: Progress of the figure of merit on thermoelectric materials across the 
different dimensions [144]. .............................................................. 63 
 
Figure 3.1: X-ray diffraction mechanics in crystal material. .................................... 109 
Figure 3.2: Schematic illustrating the components HRTEM [34]. ........................... 112 
Figure 3.3: Thermal conductivity measurements using the TCi C-Therm. .............. 114 
Figure 3.4: Setup for the Seebeck coefficient measurements. ............................... 116 
 
Figure 4.1: Schematic illustration of the mechanochemical synthesis of the 2% Al-
ZnO@TiC composite. ................................................................... 133 
Figure 4.2: The XRD diffractogram of (a) 0.3%Al-ZnO, (b) 0.5%Al-ZnO, (c) 1.0%Al-
ZnO, (d) 2.0 %Al-ZnO, and (e) 2%Al-ZnO@TiC nanocomposite 
illustrating the presence of different peaks due to the introduction of 
TiC to the Al-ZnO system .............................................................. 135 
Figure 4.3: The relation between Al dopant concentration, nanoparticle crystallite sizes 
and internal strains. ....................................................................... 137 
Figure 4.4: SEM micrographs of (a) undoped ZnO (b) 0.3% Al-ZnO, (c) 0.5% Al-ZnO, 
(d) 1%Al-ZnO, (e) 2 %Al-ZnO, and (f) 2%Al-ZnO@TiC showing the 
morphologies and shape-evolution of the samples; (g) shows the EDX 
the spectrum of the 2%Al-ZnO@TiC nanocomposite indicating the 





Figure 4.5: TEM micrographs of (a) undoped ZnO (b) 0.3% Al-ZnO, (c) 0.5% Al-ZnO, 
(d) 1%Al-ZnO, (e) 2 %Al-ZnO, and (f) 2%Al-ZnO@TiC composite 
showing the morphologies and shape-evolution of the samples. .. 141 
Figure 4.6: Band gap values of (a) undoped ZnO (b) 0.3% Al-ZnO, (c) 0.5% Al-ZnO, 
(d) 1%Al-ZnO, (e) 2%Al-ZnO, and (f) 2%Al-ZnO@TiC composite 
showing the decrease in band gaps with increasing Al concentration 
and the presence of TiC. ............................................................... 143 
Figure 4.7: (a) TGA and (b) Differential Scanning Calorimetry and (c) DTG for Al-doped 
ZnO and 2%Al-ZnO@TiC. ............................................................ 145 
Figure 4.8: (a) Effect of temperature on the thermal conductivity of the Al-ZnO samples 
and 2%Al-ZnO@TiC composite; (b) and (c) represent the grain 
boundaries of 2%Al-ZnO@TiC sample. ........................................ 146 
Figure 4.9: (a) Illustrates the electrical conductivity dependence on temperature and 
(b) shows the relationship between the carrier mobility and 
temperature of all the samples. The insert represents carrier 
concentration as a function of Al content. ..................................... 148 
Figure 4.10: Illustrates the effect of temperature on the mobility of the charge carrier 
in the 2%Al-ZnO sample. The insert shows the mechanism of the 
activation energy dependence on the band structure. .................. 150 
Figure 4.11: (a) Represents the temperature-dependence of the thermopower for Al-
ZnO samples, and 2%Al-ZnO@TiC nanocomposite, (b) represents 
the temperature vs power-factor (S2 σ). ........................................ 152 
Figure 4.12: Temperature dependence of the figure of merit (zT) of the Al-doped ZnO 






Figure 5.1: Illustrates the honeycomb structure of InP3 from the top view of a 3 x 3 
supercell with planar layers in the c-axis direction. ....................... 171 
Figure 5.2: Shows the structure of Indium triphosphide. (a) Side-view of InP3 
monolayers stacked along the c-axis and, (b) The electronic band 
structure of bulk material, with the Fermi-level set at 0 eV. ........... 172 
Figure 5.3: (a) Top-view of InP3 monolayer. (b) The primitive cell and the 
corresponding Brillouin zone with symmetry points and, (c) illustrates 
the electron localization function (ELF) profile of InP3. .................. 173 
Figure 5.4: (a) Electronic band structure for monolayer InP3, (b) Phonon dispersion 
curves of the InP3 monolayer and the density of phonon states, (c) 
Cleavage energy of monolayer(1L), Bilayer(2L) and Trilayer(3L) InP3. 
(d) Energy per unit cell vs interlayer separation, d-d0, of InP3. ...... 174 
Figure 5.5: Band Structures of InP3 a) monolayers (1L), b) bilayer (2L) and trilayer (3L) 
within the GGA-PBE method. The different magnitudes of the blue 
arrow corresponds to the bandgap. The Fermi level is set to zero as a 
dash horizontal line. ...................................................................... 178 
Figure 5.6: Shows the time (ps) evolution profile of the energy of (a) monolayer, (b) 
bilayer and trilayer InP3. ................................................................ 179 
Figure 5.7: (a) PDOS of the bulk  InP3 with electronic contributions from atomic orbitals 
5p and 3p, (b) Monolayer (1L) of InP3, (c) Bilayer and (d) Trilayer of 
InP3 showing the electronic contributions from atomic orbitals In 4s, 





Figure 5.8: Absorption spectra of bulk and different layers of InP3 across a range of 
1000 nm wavelength. .................................................................... 183 
Figure 5.9:  Work function of multiple layers of InP3 (a) 1L, (b) 2L, and (c) 3L. ...... 185 
Figure 5.10: Temperature dependence of (a) Seebeck Coefficient and (b) Electrical 
Conductivity. ................................................................................. 187 






LIST OF APPENDIX AND SCHEMES 
 
 
Figure Description Page 
 
Figure A1.1: XRD diffractogram of (a) Al-ZnO and (b) TiC composite, illustrating the 
effect of the internal strain on the lattice structure. ........................ 199 
Figure A1.2: Shows the effect of dopant concentration on the bandgap of the ZnO 
systems. ........................................................................................ 200 
Figure A1.3: Thermoelectric voltage vs Al dopant (%) ........................................... 201 
Figure A1.4: Presents the carrier mobility vs 1000/T data for Al-samples. ............. 202 
Figure A1.5: Shows the effect of Al% concentration on the activation energy, or barrier 
height, of the samples. .................................................................. 203 
 
Figure A2.1: Show the calculated electronic band structures using HSE06, (a) bilayer 
and (b) trilayer InP3. Dashed line at 0 eV denotes the Fermi level.
 ...................................................................................................... 205 
Figure A2.2: Illustrates the bandgap-dependence on the layer configuration, where 5L 
represents bulk InP3. Calculated from GGA-PBE and HSE06 
functionals. .................................................................................... 206 






LIST OF ABBREVIATIONS 
 
TE     Thermoelectric  
EMF     Electromotive Force 
2D     Two Dimension 
ZT      Figure of Merit 
TW     Tera Watt 
DFT     Density Functional Theory 
VB      Valence Band 
CB     Conduction Band 
ZnO     Zinc Oxide 
TiC      Titanium Carbide 
Al-ZnO@TiC   Aluminium doped ZnO Titanium Carbide composite 
DOS     Density of State 
PDOS     Partial Density of State 
Eg     Energy bandgap 










Energy is at the forefront of the growth and development of mankind, and efforts to 
generate sufficient energy worldwide are both environmentally and economically 
taxing [1]. The demand for energy increases with the rising population growth and 
diminishing resources. Therefore, sustainable solutions to the current energy crisis are 
a  priority to preserving the earth for the future [2]. The solution to sustainable energy 
may not be in the current carbon derived processes, but rather in the advances of 
harvesting energy from renewable and neglected energy sources. Renewable energy 
has become the focus in finding a long-term solution to the energy crisis that the world 
is currently facing, and it takes centre stage in the development of sustainable energy 
sources for the future. Advanced technological developments help increase the 
performance of these energy sources and opens new doors to exploring newer 
applications [3-5]. Currently, solar, wind, geothermal, tidal and other energy sources 
are driving the market, with solar energy being the leader in renewable sources 
operating at about 75%, globally [6].  
Though most of these renewable sources utilize an already existing environmental 
condition, like sunlight or wind, they often create another source of energy (heat) that 
can be harnessed to assist and increase the total energy output. About 90% of the 
energy sources listed above require either a motor, turbine or battery to convert or 
store input energy to electrical energy [5]. In the process of making electricity, batteries 
can overheat, motors and turbines give off large amounts of mechanical energy in the  
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form of wasted heat which can be collected and used for further purposes [7]. Because 
of the abundance of heat energy generated through our everyday life activities, 
thermoelectricity has become an interesting avenue to explore.  Thermoelectric (TE) 
systems are a newly emerging technology for generating sustainable energy. They 
make use of heat to produce electricity instead of the complex traditional way of 
converting sunlight to electricity or using wind forces to initiate windmills, which can be 
time-consuming and have mechanical difficulties [8]. TE systems are highly dependent 
on thermal energy, the heat produces an electromotive force (EMF) that propels 
current through the material and in the outer circuit [9]. As a result, thermoelectric 
modules have high flexibility, are easy to operate, have little mechanical problems due 
to zero moving parts and hence require less maintenance. They are also 
environmentally friendly with less or no greenhouse gas emissions [9, 10].  
 
When a temperature gradient is applied on a thermoelectric material, a voltage will 
develop across the device due to the dipole moment that arises from the difference in 
temperature reaching a non-equilibrium electron density state on either side. The 
magnitude of the output of electrical energy depends on the kind of material used and 
the degree of the temperature gradient. Currently, the problem remains that today’s 
thermoelectric materials have inadequate efficiency to carry out large scale 
applications. Therefore, high performing materials for more conventional and 
mainstream applications are needed to improve the overall efficiency by a few factors 
from the present reported values [11].  Possible commercial applications include the 
automotive industries, where TE systems are used in engines, brake systems and 
exhausts. For power plants, this means an important source of energy that can be 
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harvested from the enormous heat produced during their processes. For nuclear 
technology, the heat produced during the decay of radioactive materials could also be 
utilized to power space thermoelectric generators [12]. The burning of coal, wood or 
even having an open fire could be a potential source of electrical energy enabling 
lights to power up in remote rural areas [9].  
Thermoelectric systems are a promising source of generating electrical energy 
providing an alternative and possibly a solution to our dependence on fossil fuel 
energy. The need for more effective and high performing systems triggered a drive, in 
the studies and development of new TE materials that can withstand high 
temperatures and robust conditions. TE materials are categorized into two: (1) the 
most dominant are bulk materials and (2) low dimensional materials which gained 
interest after the discovery of nanotechnology. A perfect thermoelectric material 
should have a low thermal conductivity to resist thermal backflow and have crystal-like 
properties for increased electronic properties [8].  
 
1.2  PROBLEM STATEMENT 
Thermoelectric systems are driven by the materials’ figure of merit, denoted by ZT, 
which needs to be at an optimum to ensure maximum efficiency (effmax) [13]. Designing 
thermoelectric materials with a high figure of merit (ZT) for efficient conversion of heat 
energy to electricity is a growing challenge in solid-state chemistry and the world at 
large, mainly because of the engineering barrier of finding an optimum efficiency [13].  
Currently, available materials like bismuth telluride (Be2Te3) and silicon germanium 
(Si1-xGex) have a figure of merit equal to 0.8 which is much lower than the expected 
minimum value of 1 for efficient performance [14]. Therefore, there is a need to  
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develop materials with the figure of merit equal to or greater than 1 to effectively carry 
out thermoelectric applications. Attempts to achieve high efficiency usually include 
optimization of the thermoelectric effects via bandgap engineering, increasing the 
charge carrier concentration in the semiconductor as a means to increase the 
electrical conductivity while lowering the lattice thermal conductivity of the material 
[15]. Zinc oxide (ZnO) is one of the metal oxide nanoparticles that has been used in 
many applications. Although ZnO has advantages such as low cost, abundance, low 
toxicity, and large power factor, for thermoelectric application, its high thermal 
conductivity compromises its stance as a commercially viable and efficient 
thermoelectric material. Therefore, reducing the thermal conductivity while maintaining 
high electronic properties can significantly increase the figure of merit of ZnO. 
Moreover, phosphorous allotropes, particularly indium triphosphide (InP3), have 
shown potential application in light-emitting devices, photovoltaic cells, and 
transistors. However, minimal information exists on its application as a thermoelectric 
material even though emerging 2D materials with possible dual function for both 
photovoltaic and thermoelectricity are in demand. 
 
1.3 JUSTIFICATION 
The global population growth increases the demand for a large amount of energy 
generation to sustain day-to-day living. Currently, carbon is the leading energy 
generation resource-producing up to 120,000 terawatts (TW) [16-18] of the total global  
energy. However, the carbon derived processes still have an efficiency of ± 35-40% 
total conversion. About 60% of the energy generated worldwide is lost in vain, a large  
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part of it in the form of waste heat which is a potential electrical energy source. This 
problem of wasted heat opened great interest for the study of thermoelectricity for 
possible conversion of heat to electrical energy [19, 20].  Thermoelectricity is a 
phenomenon that has gained a lot of interest over the past decades. It is the study 
that focuses on the harvesting and direct conversion of heat energy into electrical 
energy using both thermally and electrically active materials [21]. This technology was 
pioneered in the early 1800s by Thomas Johann Seebeck and has since then grown 
into a promising source for energy generation [19]. Thermoelectric systems are 
extensively studied and have become the focus in the development of potential 
solutions to the current global energy crisis. 
Unlike the conventional renewable energy sources like solar energy systems, which 
require a 3 step process (capturing of light, conversion and storage) to produce 
electricity; and therefore, can be time-consuming and expensive [21], thermoelectric 
systems utilize waste heat as a source for electrical energy without the need for any 
moving parts or storage compartments. This helps to eliminate any possible 
mechanical and operational difficulties that may arise and eventually lead to lower 
costs. These systems have high reliability, no emission of greenhouse gases, are very 
feasible and environmentally friendly [19].  
 
The performance of thermoelectric systems is highly dependent on the nature of the 
thermoelectric material, and the efficiency of these materials to convert heat energy to 
electricity is given by the dimensionless figure of merit (ZT) [15] (eqn 1.1), which is 
related to the Seebeck coefficient (S), electrical conductivity (), temperature (T) and 
thermal conductivity (ᴋ); whereby thermal conductivity consists of both the electronic 
(ᴋe) and the lattice (ᴋL) thermal contributions [15, 22]. 
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1.1 
  
When the junction of a piece of TE material, normally a semiconductor, is held at a 
temperature gradient (∆𝑇) a voltage will develop. This voltage develops due to the 
dipole moment that arises from the difference in electron density that exists on the 
high-temperature side of the material compared to the low-temperature side. The 
origin of the voltage is on the material due to the difference in the quasi-fermi level. As 
a result, diffusion of the charge carriers occurs from one side of the material to the 
other driving the current through the circuit [23]. An ideal thermoelectric material 
should prove to have a large electrical conductivity, low thermal conductivity (so the 
desired temperature gradient can be maintained) and high Seebeck coefficient 
(voltage per unit temperature). The commonly investigated materials in search of 
highly efficient thermoelectric materials include novel alloys such as skutterudites [24] 
and half-heusler metal oxides [25, 26], complex transition metal dichalcogenides 
(TMD) [27, 28] and heterostructures. However, these materials tend to have a low 
figure of merit due to high thermal conductivity and low carrier concentrations [24, 29, 
30]. To increase the thermoelectric performance for better applications, a large carrier 
density is important, and this can be achieved by altering the electronic properties of 
the material.  
An effective and extensively studied approach to achieving high efficiency is to reduce 
the lattice thermal conductivity (ᴋL) and increase the electrical conductivity (), which 
are both influenced by the materials’ electronic structure [31]. It can, therefore, be 
deduced that high efficiency can be achieved by tuning the phonon transport modes 
and electronic structure of the material. Electrical conductivity has a linear correlation 
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to the electronic structure of the material [32, 33]. Therefore, tuning the electronic 
structure through doping the material will significantly increase the electronic aspect 
of the system.  
 
Nevertheless, since electrical conductivity is associated with thermal conductivity via 
Wiedeman-Franz (WF) law, ᴋ =  𝑇𝐿, (where the thermal conductivity has a linear 
relation to electrical conductivity and temperature), doping will, in a similar manner, 
reduce the thermal conductivity resulting in less dispersion of heat throughout the 
material [34]. It is a prerequisite to obtaining high phonon scattering and large carrier 
density to improve the thermoelectric properties of the material towards increased 
performance. Attempts in achieving this, include using a dopant; metal/metal oxide or 
nonmetal, to increase the carrier density for better electrical conductivity and the use 
of 2D materials to lower the total thermal conductivity for improved thermoelectric 
performance [35]. Metal oxides exhibit promising thermoelectric (TE) properties for 
various applications due to their high-temperature stability, ability to tune electron and 
phonon transport properties and well-established synthesis methods [20, 36]. The 
growth in the application of these materials in the industry has generated increased 
demand for higher-performing TE materials than the ones currently in use.  
Over the past decade, a lot of work has been done in the search to maximize the 
efficiency of metal oxides by increasing the power factor (S2) and altering their 
electronic structure [20]. Zinc oxide (ZnO), amongst others, became appealing to 
these specifications because of its high-power factor, controllable surface energy and 
quantum size effect, and increased thermal and chemical stability [37-39]. However, 
ZnO is reported to be a moderate conductor of electricity, having a bandgap of 3.1 eV 
[40, 41], with significantly low charge-carrier mobility. Hence, the need to find ways to 
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increase its charge carrier concentration and increase electrical conductivity [42]. One 
way to achieve this is by doping zinc oxide with electron-rich metals. Holloway et al. 
and M.H. Hong [43, 44] reported an increase in electrical conductivity of metal-doped 
ZnO due to the dopant ion contributing a large density of electrons to the lattice of ZnO 
and as a result achieving high carrier concentration. They also showed the significance 
of dopant ions on the electronic properties to enhance overall efficiency. Gautam et 
al. [45] found that doping ZnO with aluminium (Al) has a significant effect on the 
thermoelectric properties of the metal oxide.  Their approach focused on decreasing 
the thermal conductivity to maximize the performance of ZnO.  They achieved this by 
synthesizing Al-doped nanocomposites made of two interspersed phases, where 
ZnAl2O4 occupied the grain boundaries of ZnO limiting the pores to remain on the 
boundaries where the ZnAl2O4 precipitates are, thus scattering the phonons and 
eventually decreasing the thermal conductivity.  Since the grain growth depends highly 
on the sintering temperature and doping concentration, they observed that at high 
sintering temperatures and low aluminium concentration the electrical conductivity is 
high because of the small amount of ZnAl2O4 on the grain boundaries and increased 
charge carrier concentration due to the Al3+ substitution for the Zn2+ sides. They also 
reported a similar Seebeck coefficient for both sintering temperatures with increasing 
aluminium content and reduced thermal conductivity.  The thermal conductivity was 
reduced due to an increase in ZnAl2O4 on the ZnO boundaries, this decreases the 
grain size and distributes the heat [45].  
Another approach to increasing the overall efficiency of thermoelectric materials is by 
forming novel two dimensional (2D) heterostructures as layers on the TE material to 
form superlattice structures [46]. 2D materials have been the focus of the material 
design, since the isolation of graphene in the early 2000s [47]. Because of their 
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excellent optical and electronic properties, they have drawn new interest in 
thermoelectricity for possible applications in electronics, heat management and 
energy storage [48]. 2D materials are known for their strong mechanical, optical and 
electronic properties, flexibility and conductivity [49]. It has recently been found that 
the employment of 2D materials, eg. graphene on ZnO, can improve the thermoelectric 
properties of ZnO [50].  The two Mxenes, aluminium nitride and titanium carbide, have 
shown great thermal control properties [51-53]. 
 
Recently, studies on the reduction of thermal conductivity are aimed at designing 
interfaces to form heterostructures using 2D materials [54]. In this way, the materials 
can be engineered for easier control of phonon propagation for a reduced figure of 
merit [34, 55]. Further, Kang et al. investigated the effect of coating copper/diamond 
particles with a 2D material (titanium carbide (TiC)) and found that the coated material 
had very low thermal conductivity [56].  Hence, to address the thermal conductivity 
problem, this project was designed to study the thermal reduction effect of a quasi 2D 
material titanium carbide (TiC), on zinc oxide (ZnO). The project was also intended to 
assess the optical and transport properties of indium triphosphide (InP3) by using 
computational modelling through first-principles calculations. The theoretical 
investigation of the thermoelectric properties of InP3 can lead to a better understanding 
of its potential as a thermoelectric material. This could then pave the way for 
experimental studies and the fabrication of new InP3 based thermoelectric materials 
for thermoelectric devices and generator applications. The thermoelectric efficiency of 
ZnO has been increased by doping it with Al3+ and In3+ and using TiC and AlN as layers 
on its surface which effectively regulates the thermal distribution.  Further studies were 
performed to understand the synthesized material’s phonons and their effect on heat 
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transport, as well as the effect of the phonons on lowering the thermal conductivity.  
The dopants reduce the bandgap of zinc oxide and subsequently increase the carrier 
density, therefore, resulting in better electrical conductivity. 
 
1.4   AIM AND OBJECTIVES OF THE STUDY 
1.4.1 AIM 
To study the thermoelectric properties of TiC reinforced Al-doped ZnO system and 




For this research project the following objectives were followed: 
1. Synthesize pristine and Al3+ doped ZnO nanocomposites. 
2. Synthesize 2D nanosheets (TiC) reinforced Al3+ doped ZnO superlattice 
composites. 
3. Characterize the synthesized composites using advanced techniques such as 
Fourier Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy (RS), X-
Ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Scanning 
Electron Microscopy (SEM), Energy Dispersed Spectroscopy (EDS) and 
Ultraviolet-Visible Spectroscopy (UV/Vis).   
4. Assess the electrical and thermal conductivity influence on the thermoelectric 
efficiency of the fabricated TiC reinforced Al3+ doped ZnO superlattice composites 
via measuring the thermal resistance and carrier concentration.  
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5. Systematically investigate the thermoelectric properties of InP3 through the use of 
combined first-principle (DFT) calculations and semi-classical Boltzmann 
transport theory. 
1.5 STRUCTURE OF THE THESIS 
CHAPTER 1 gives the background of the research project, problem statement, aims 
and objectives. While CHAPTER 2 has two sections: section one highlights the past 
work, current findings and overall understanding of the properties and parameters in 
thermoelectricity. It aims to give the fundamental concept of thermoelectric materials 
and their applications; section two describes all the first-principles approaches used 
and discusses the theoretical tools, the background of density functional theory and 
exchange-correlation functional. In CHAPTER 3 the two methodological approaches 
to achieving the objectives are described. CHAPTER 4 and 5 explore the experimental 
work done on Al-doped ZnO@2D-TiC nanocomposite for Enhanced Thermoelectricity 
Generation and highlight the first-principles calculations of thermoelectric properties 
of monolayer InP3 and thermoelectricity generation, respectively. Finally, CHAPTER 6 










  CHAPTER 1: INTRODUCTION




[1] L. Steg, R. Shwom and T. Dietz. What Drives Energy Consumers?: Engaging 
People in a Sustainable Energy Transition. IEEE Power Energy Mag. 16 
(2018) 20-28. 
[2] G. A. Jones and K. J. Warner. The 21st-century population-energy-climate 
nexus. Energy Policy 93 (2016) 206-212. 
[3] Z. Zoundi. CO2 emissions, renewable energy and the Environmental Kuznets 
Curve, a panel cointegration approach. Renew. Sust. Energ. Rev. 72 (2017) 
1067-1075. 
[4] K. Zaman and M. Abd-el Moemen. Energy consumption, carbon dioxide 
emissions and economic development: evaluating alternative and plausible 
environmental hypothesis for sustainable growth. Renew. Sust. Energ. Rev. 
74 (2017) 1119-1130. 
[5] J. G. Gupta, S. De, A. Gautam, A. Dhar and A. Pandey. Introduction to 
Sustainable Energy, Transportation Technologies, and Policy. in Sustainable 
Energy and Transportation. Springer. 6 (2018) 3-7. 
[6] M. Bhattacharya, S. R. Paramati, I. Ozturk and S. Bhattacharya. The effect of 
renewable energy consumption on economic growth: Evidence from the top 
38 countries. Appl. Energy. 162 (2016) 733-741. 
[7] S. Luthra, S. Kumar, D. Garg and A. Haleem. Barriers to 
renewable/sustainable energy technologies adoption: Indian perspective. 
Renew. Sust. Energ. Rev. 41 (2015) 762-776. 
[8] D. Kumar and K. Chatterjee. A review of conventional and advanced MPPT 
algorithms for wind energy systems. Renew. Sust. Energ. Rev. 55 (2016) 957-
970. 
  CHAPTER 1: INTRODUCTION
   
 
13 
[9] D. Champier. Thermoelectric generators: A review of applications. Energ. 
Convers. Manage. 140 (2017) 167-181. 
[10] Y. S. Najjar and M. M. Kseibi. Thermoelectric stoves for poor deprived regions–
A review. Renew. Sust. Energ. Rev. 80 (2017) 597-602. 
[11] V. Stevanović, P. Gorai, B. Ortiz and E. S. Toberer. Quest for New 
Thermoelectric Materials. Comput. Mater. Sci. 7 (2018). 240-292. 
[12] S. Twaha, J. Zhu, Y. Yan and B. Li. A comprehensive review of thermoelectric 
technology: Materials, applications, modelling and performance improvement. 
Renew. Sust. Energ. Rev. 65 (2016) 698-726. 
[13] M. G. Kanatzidis. The role of solid-state chemistry in the discovery of new 
thermoelectric materials. Semicond. Semimet. 69 (2001). 51-100. 
[14] L. Su and Y. X. Gan. Advances in thermoelectric energy conversion 
nanocomposites. Semantic Scholar. InTech. (2011) 1-6.  
[15] Z. Tian, S. Lee and G. Chen. Heat transfer in thermoelectric materials and 
devices. J Heat Transfer. 135 (2013) 061-605. 
[16] X. Chen, R. Paul and L. Dai. Carbon-based supercapacitors for efficient 
energy storage. Natl Sci Rev. 4 (2017) 453-489. 
[17] P. A. Owusu and S. Asumadu-Sarkodie. A review of renewable energy 
sources, sustainability issues and climate change mitigation. Cogent Eng. 3 
(2016) 1167990. 
[18] R. Fouquet. Make low-carbon energy an integral part of the knowledge 
economy. Nature 551 (2017)  
[19] X. Zhang and L.-D. Zhao. Thermoelectric materials: Energy conversion 
between heat and electricity. J Materiomics. 1 (2015) 92-105. 
  CHAPTER 1: INTRODUCTION
   
 
14 
[20] J. R. Sootsman, D. Y. Chung and M. G. Kanatzidis. New and old concepts in 
thermoelectric materials. Angew. Chem. Int. Ed 48 (2009) 8616-8639. 
[21] J.-c. Zheng. Recent advances on thermoelectric materials. Front Phys China. 
3 (2008) 269-279. 
[22] L.-D. Zhao, V. P. Dravid and M. G. Kanatzidis. The panoscopic approach to 
high-performance thermoelectrics. Energ Environ. Sci. 7 (2014) 251-268. 
[23] M. S. Dresselhaus, G. Chen, M. Y. Tang, R. Yang, H. Lee, D. Wang, Z. Ren, 
J. P. Fleurial and P. Gogna. New directions for low‐dimensional thermoelectric 
materials. J. Adv. Mater. 19 (2007) 1043-1053. 
[24] G. Nolas, D. Morelli and T. M. Tritt. Skutterudites: A phonon-glass-electron 
crystal approach to advanced thermoelectric energy conversion applications. 
Annu. Rev. Mater. Sci. 29 (1999) 89-116. 
[25] S. Bhattacharya, A. Pope, R. Littleton IV, T. M. Tritt, V. Ponnambalam, Y. Xia 
and S. Poon. Effect of Sb doping on the thermoelectric properties of Ti-based 
half-Heusler compounds, TiNiSn(1-X) SbX. Appl. Phys. Lett. 77 (2000) 2476-
2478. 
[26] S. Sakurada and N. Shutoh. Effect of Ti substitution on the thermoelectric 
properties of (Zr, Hf) NiSn half-Heusler compounds. Appl. Phys. Lett. 86 (2005) 
082-105. 
[27] R. Littleton IV, T. M. Tritt, J. Kolis and D. Ketchum. Transition-metal 
pentatellurides as potential low-temperature thermoelectric refrigeration 
materials. Phys. Rev. B. 60 (1999) 13453. 
[28] D.-Y. Chung, T. Hogan, P. Brazis, M. Rocci-Lane, C. Kannewurf, M. Bastea, 
C. Uher and M. G. Kanatzidis. CsBi4Te6: A high-performance thermoelectric 
material for low-temperature applications. Science. 287 (2000) 1024-1027. 
  CHAPTER 1: INTRODUCTION
   
 
15 
[29] W. Jeitschko. Transition metal stannides with MgAgAs and MnCu 2 Al type 
structure. Metall Mater Trans A. 1 (1970) 3159-3162. 
[30] W. Choi, N. Choudhary, G. H. Han, J. Park, D. Akinwande and Y. H. Lee. 
Recent development of two-dimensional transition metal dichalcogenides and 
their applications. Mater Today. 20 (2017) 116-130. 
[31] H. Wang, G. Qin, G. Li, Q. Wang and M. Hu. Low thermal conductivity of 
monolayer ZnO and its anomalous temperature dependence. Phys. Chem. 19 
(2017) 12882-12889. 
[32] C. Kittel, P. McEuen and P. McEuen. Introduction to solid-state physics.  Wiley 
New York, (1996).  
[33] V. Adalid. A Review on Thermoelectric Devices. The Journal of Undergraduate 
Research at the University of Illinois at Chicago. 9 (2016) 57-60.  
[34] Y. Wang, N. Xu, D. Li and J. Zhu. Thermal properties of two-dimensional 
layered materials. Adv. Funct. Mater. 27 (2017) 1604134. 
[35] S. Kohiki, M. Nishitani and T. Wada. Enhanced electrical conductivity of zinc 
oxide thin films by ion implantation of gallium, aluminium, and boron atoms. 
J Appl Phys. 75 (1994) 2069-2072. 
[36] M. Fernández‐García and J. A. Rodriguez. Metal oxide nanoparticles. The 
Design of Nanostructures. EIBC. 7 (2017) 145-224. 
[37] A. Ravanbakhsh, F. Rashchi, R. Khayyam Nekouei and M. Mortazavi Samarin. 
Synthesis and characterization of porous zinc oxide nano-flakes film in alkaline 
media. J. Ultrafine Grained Nanostruct. Mater. 51 (2018) 32-42. 
[38] R. C. Monreal, S. P. Apell and T. J. Antosiewicz. Quantum-size effects in 
visible defect photoluminescence of colloidal ZnO quantum dots: a theoretical 
analysis. Nanoscale 10 (2018) 7016-7025. 
  CHAPTER 1: INTRODUCTION
   
 
16 
[39] X. Liang and L. Shen. Interfacial thermal and electrical transport properties of 
pristine and nanometer-scale ZnS modified grain boundary in ZnO 
polycrystals. Acta Materialia 148 (2018) 100-109. 
[40] C. B. Ong, L. Y. Ng and A. W. Mohammad. A review of ZnO nanoparticles as 
solar photocatalysts: synthesis, mechanisms and applications. Renew. Sust. 
Energ. Rev.  81 (2018) 536-551. 
[41] A. Tomeda, T. Ishibe, T. Taniguchi, R. Okuhata, K. Watanabe and Y. 
Nakamura. Enhanced thermoelectric performance of Ga-doped ZnO film by 
controlling crystal quality for transparent thermoelectric films. Thin Solid Films 
(2018)  
[42] I. Terasaki, Y. Sasago and K. Uchinokura. Large thermoelectric power in NaCo 
2 O 4 single crystals. Phys. Rev. B. 56 (1997) R12685. 
[43] T. Holloway, R. Mundle, H. Dondapati, M. J. Bahoura and A. K. Pradhan. Al-
doped ZnO aligned nanorod arrays: significant implications for optic and 
optoelectronic applications. J.Nanophotonics. 6 (2012) 063-507. 
[44] M.-H. Hong, W. Han and H.-H. Park. Incorporation of Au nanoparticles into 
thermoelectric mesoporous ZnO using a reverse triblock copolymer to 
enhance electrical conductivity. Mater. Chem. Phys. 212 (2018) 499-505. 
[45] D. Gautam, M. Engenhorst, C. Schilling, G. Schierning, R. Schmechel and M. 
Winterer. Thermoelectric properties of pulsed current sintered nanocrystalline 
Al-doped ZnO by chemical vapour synthesis. J. Mater. Chem. A 3 (2015) 189-
197. 
[46] J. Wu, Y. Chen, J. Wu and K. Hippalgaonkar. Perspectives on 
Thermoelectricity in Layered and 2D Materials. Adv. Electron. Mater. 17 (2018) 
180-248. 
  CHAPTER 1: INTRODUCTION
   
 
17 
[47] J. Luo, J. Gao, A. Wang and J. Huang. Bulk nanostructured materials based 
on two-dimensional building blocks: a roadmap. ACS Nano. 9 (2015) 9432-
9436. 
[48] X. Gu, Y. Wei, X. Yin, B. Li and R. Yang. Phononic thermal properties of two-
dimensional materials. arXiv preprint arXiv:1705.06156 (2017)  
[49] B. Mortazavi, M. Makaremi, M. Shahrokhi, M. Raeisi, C. V. Singh, T. Rabczuk 
and L. F. C. Pereira. Borophene hydride: a stiff 2D material with high thermal 
conductivity and attractive optical and electronic properties. Nanoscale. 10 
(2018) 3759-3768. 
[50] W. Hu, Z. Li and J. Yang. Electronic and optical properties of graphene and 
graphitic ZnO nanocomposite structures. J. Chem. Phys. 138 (2013) 124-706. 
[51] V. Gorokhovsky. Thermal flux regulator, Google Patents, 2005. 
[52] M. Zaeh and M. Ott. Investigations on heat regulation of additive 
manufacturing processes for metal structures. CIRP Ann Manuf Technol. 60 
(2011) 259-262. 
[53] Y. Chen, Z. Fan, Z. Zhang, W. Niu, C. Li, N. Yang, B. Chen and H. Zhang. 
Two-Dimensional Metal Nanomaterials: Synthesis, Properties, and 
Applications. Chem. Rev. 14 (2018) 53-72.  
[54] D. Medlin and G. Snyder. Interfaces in bulk thermoelectric materials: a review 
for current opinion in colloid and interface science. Curr. Opin. Colloid 
Interface Sci. 14 (2009) 226-235. 
[55] T. Koga, X. Sun, S. Cronin and M. Dresselhaus. Carrier pocket engineering to 
design superior thermoelectric materials using GaAs/AlAs superlattices. MRS 
Online Proceedings Library Archive. 545 (1998). 055776  
  CHAPTER 1: INTRODUCTION
   
 
18 
[56] Q. P. Kang, X. B. He, S. B. Ren, B. R. Jia and X. H. Qu. Effect of TiC 
intermediate layers on the thermal conductivity of copper/diamond composites, 
in Applied Mechanics and Materials, Trans Tech Publ. 10 (2013).1610-1614.







Fossil fuels have finite stocks predicted to run out in 50-100 years and this will have a 
severe impact on the economies that are highly dependent on fossils as a source of 
energy. Hence, there is an urgent need for alternative energy sources to alleviate the 
negative growth of an ever-depleting fuel source economy [1]. Energy is one of the 
resources that drive the global economy. Today, with the world population estimated 
to increase by 4% (reaching 9.8 billion in 2050) [2, 3], diminishing energy resources 
pose a threat to humanity and urgent sustainable solutions for energy generation are 
crucial. Some of these solutions are already being put in place and are being 
integrated into the system that aims to reduce the use of coal and oil as energy sources 
[4, 5]. However, there are new energy solutions that are still being explored these 
include thermoelectric systems for energy generation, refrigeration and energy 
storage [6]. Amongst others, thermoelectricity has caught the attention of both the 
scientific and engineering community on the quest to find newer technologies for 
sustainable energy [7]. The word thermoelectricity refers to a branch of technological 
systems that generate electrical energy from an applied heat [6]. Thermoelectric 
systems are promising sources of electricity generation in the future because of their 
durability, environmental friendliness and cost-effectiveness. However, to make it into 
the market and compete with current renewable technologies, these systems should 
operate at about ± 25-35% efficiency [8]. 
  




2.2  HISTORY AND THE FUNDAMENTALS OF THERMOELECTRIC EFFECT 
 
The insight and understanding of thermoelectricity arose as a series of ideas from 
curious individuals who wanted to further understand the production of electrical 
energy from thermal energy [9]. Since the discovery of thermoelectricity, there have 
been several studies conducted on improving the efficiency of thermoelectric systems, 
specifically looking at the enhancement of old materials developing newer ones [10, 
11]. Thermoelectricity technology was pioneered in 1821 by Thomas Johann Seebeck, 
borne into the early 1900s and has since then become a potential source of electrical 
energy generation for the future [12].  Seebeck indicated that a potential difference can 
be obtained from an applied temperature gradient and this has come to be known as 
the Seebeck effect which later prompted the discovery of the first thermoelectric 
generator [12]. Charge carriers diffuse from the hot side of the thermoelectric material 
to the cold side. The carrier diffusion together with the phonon drag between the 
temperature gradient generating an electromotive force. The entire system is 
considered to be in semi-equilibrium such that the chemical potential is balanced by 
the electrostatic potential known as the Seebeck voltage. The change in 
electrochemical potential (𝝏x𝝁) defines the Seebeck coefficient (S) as shown in eqn 
2.1 [13].  The expression 
𝝏𝐱𝝁 
𝒆𝝏𝑻
 is the partial derivative of the chemical potential over a 
given temperature (T) and 𝑒 is magnitude of the charge carrier. 





A few years later, a French physicist by the name J.C Peltier found that the reverse 
action (eqn 2.2) of the Seebeck effect resulted in the refrigeration or cooling effect 
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which was later called the Peltier cooling effect [24]. The Peltier effect emphasises the 
reversal action of applying current at the junction of two thermocouples. This creates 
a flow of electric charge that causes a drop in temperature on one end of the 
thermoelectric module and temperature rise on the other end thus producing a 
temperature difference [14]. Heat flux is a measure of the amount of heat (Q) carried 







The schematic below (Figure 2.1) shows the graphical representation of the Peltier 
effect. When 𝜫 < 0, that is at a negative coefficient, high energy charge carriers 
(electrons) move from right to left and the thermal and electrical current flow in the 
opposite direction [15]. 
 
Figure 2.1: A schematic diagram showing the mechanism and electron flow 
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The mathematical relation between the coefficients only described the effect of 
temperature on the induced current at the junction of two conductors and the 
generation of a temperature gradient from an applied current. However, it seemed 
possible that heat can be evolved or absorbed in a single conductor depending on the 
direction in which the current flows [15, 16]. In the middle of the 19th century, Lord 
Thomson Kelvin noticed that both the Seebeck effect and Peltier effect can be tied 
together by considering the vector side of the current. Thomson effect highlighted the 
notion that heat can be liberated if current flows in the same direction as the heat flows 
[17]. That is if two ends of a conductor are maintained at different temperatures an 
electromotive force (emf) develops [17]. Now, if a steady flow of current goes through 
a temperature difference in a conductor, an absorption or evolution of heat apart from 
Joule’s heating takes place along the length of the conductor. This can be expressed 








Where the dependent variable, 
𝒅𝑸
𝒅𝒙
  is the rate of temperature dissipation per unit 
length, 𝝉 and  𝑰 is Thomson coefficient and current, respectively. Thermoelectric 
modules through their ability to allow solid-state reversible conversion between waste 
heat and electricity offer various advantages over traditional technologies in 
temperature-controlled and thermal harvesting fields [19]. Some of these advantages 
include high durability and reliability, a stagnant system with no moving parts leading 
to virtually no maintenance costs, no fluids, reduced volume and silent operation [20]. 
Because of the vast advantages, thermoelectric systems have found applications in 
various areas some of which include temperature sensing devices, car seat climate 
control systems and cooling of optoelectronic and electronic devices [7]. Some of 
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these applications extend to powering autonomous electronic systems by harvesting 
energy from ubiquitous temperature gradients. This leads to improved energy 
efficiency of both domestic and industrial processes [21]. While these proposed 
thermoelectric applications seem to be practical, most of them are yet to be 
successfully commercialized. The biggest challenge for thermoelectric devices to 
enter and compete in mainstream markets is closely related to the efficiency and cost 
of the materials [22, 23].  
When an electric current flows in the direction (from n to p) the charge carriers 
(electrons) move from the working junction and remove the heat causing a cooling 
effect (Peltier law) [24]. Thermoelectric systems are driven by the dimensionless figure 
of merit, (eqn 2.4), denoted by ZT, which needs to be optimized to ensure maximum 
efficiency (effmax). The total performance of the material can then be defined as the 
combination of the Carnot efficiency  
∆𝑻
𝑻𝒉𝒐𝒕











√𝟏 + 𝒁𝑻 − 𝟏
√𝟏 + 𝒁𝑻 + 
𝑻𝒄𝒐𝒍𝒅
𝑻𝒉𝒐𝒕
                                    
       2.5 
Where 𝜎 is the electrical conductivity of the materials, 𝑇 is the absolute temperature 
and 𝑘, is the thermal conductivity of the material. The product in the numerator, 𝑠2𝜎 
refers to the power factor of the material and it measures the efficiency of the transport 
of charge carriers. In eqn 2.5, the term √𝟏 + 𝒁𝑻 varies with the average temperature 






 .  At a constant temperature gradient, the efficiency depends on the 
nature of the material [25, 26].  
Current thermoelectric devices operate at ZT ≈ 0.6-1, which is about 6% of the needed 
efficiency. The focus is to increase that number to values that will allow for commercial 
applications (>3) [27]. One way to achieve this is to look in to developing new materials 
and enhance the performance of the already existing ones [28].  
 
2.2 CONCEPTS IN THERMOELECTRIC MATERIALS 
 
Each of the parameters in eqn 2.4 needs to be optimised and tuned to maximize the 
performance of the materials [29, 30]. For example, the power factor can be 
maximized via methods like doping [32]. In doping, higher electron density atoms are 
incorporated into the lattice structure of a semiconductor to increase its charge carrier 
concentration by allowing more charges to move into its conduction band [31]. For 
metals, the Seebeck coefficient is about ± 5 𝜇𝑉. 𝐾−1, however, semiconductors can 
show Seebeck coefficient values of about ± 103 𝜇𝑉.𝐾−1 [13] at room temperature. 
Theoretically, to reach the efficiency of ZT = 1, the Seebeck coefficient should not be 
lower than 157 𝜇𝑉. 𝐾−1 The electronic component (𝒌𝒆) is related to the electrical 
conductivity by the following relationship [33]:  
𝒌𝒆 =  𝑳𝟎𝝈𝑻 2.6 
  
where 𝐿0 is the Lorentz number which is equal to 2.45 x 10
-8 𝑉2. 𝐾−1 ,  𝑇 is the absolute 
temperature and 𝜎, is the electrical conductivity. From this expression, an increase in 
electrical conductivity has a direct impact on thermal conductivity. Hence, increasing 
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the electrical conductivity can have a negative effect, on the overall performance if the 
thermal conductivity is not accounted for [34]. In metals, the contribution of the 
electronic component into the thermal conductivity may exceed 50%. This is because 
of the sea of electrons that mainly make up the electronic structure of metallic materials 
[34]. Phonons are lattice vibrations that are responsible for transporting heat through 
the materials and are measured via thermal conductivity.  
One way to reduce the thermal conductivity is to effectively scatter the lattice 
vibrations. This can be achieved by increasing the atomic mass to form 
heterogeneities, resonance systems and interfaces [34]. An ideal thermoelectric 
material should have a thermal conductivity of about 2 𝑊𝑚−1. 𝐾−1 [35]. Preparation of 
thermoelectric modules requires the use of materials with high electrical conductivity 
such as a p-type semiconductor, high Seebeck coefficient, and low thermal transport, 
predominantly lattice-type thermal conductivity. For narrow bandgap semiconductors, 
combining high electrical conductivity and low thermal conductivity is very rare and 
complex. This limitation weighs in on the choice of effective thermoelectric materials 
that can be developed. Therefore, the only challenge is to simultaneously optimise the 
three properties in the figure of merit function where the mechanisms that govern the 
reduction of thermal conductivity and the increase in the power factor should not 
compensate each other [34, 36]. 
 
2.4 THERMOELECTRIC PROPERTIES  
Any transport phenomenon that implicates an exchange of heat and electrical potential 
energy can be referred to as a thermoelectric effect. The process in which the system’s 
final state can be restored to its initial state without entropy production or dissipation 
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of energy is defined as thermodynamically reversible. There exist three reversible 
thermoelectric effects namely: 
 The Seebeck for a thermoelectric generation [13],  
 the Peltier effect for electronic refrigeration [24] and, 
 the Thomson effect that holds no practicality [17] 
At the same time, the performance of a real thermoelectric device always remains 
lower than Carnot efficiency due to two present irreversible processes that include 
Joule heating and thermal conduction. Since it is virtually impossible to separate 
reversible and irreversible processes in thermoelectric systems, thermoelectricity can 
only be treated within non-equilibrium thermodynamics. 
2.4.1 Seebeck Coefficient 
 
Considering a conducting material (rod) that is connected and held at a temperature 
gradient on either side (as shown in Figure 2.2), the difference in temperature on either 
side causes the charge carriers to move from the hot end of the material toward the 
cold end. The diffusion of charge carriers will continue provided that the temperature 
difference is maintained. Therefore, a thermally resistant material will be ideal for 
ensuring high thermal voltage [36]. An electric dipole arises as a result of the build-up 
in high energy carriers on one end and low energy carriers on the other hand of the 
materials thereby producing a thermal voltage due to the temperature gradient [37]. 














Figure 2.2: A schematic diagram showing heat polarization in a thermoelectric 
material. 
The expression and schematic illustrate the simplest form of the Seebeck coefficient 
as a function of the thermal voltage per unit temperature. From the set of equations 
(eqn 2.8 and 2.9)  below, electrical properties such as charger carrier transport and 
interactions, carrier concentration, carrier mobility and band structure form part of the 
parameters to calculate the Seebeck coefficient [38]. In principle, the Seebeck 
coefficient measures the excitations of charge carriers from the hot end of the material 
to a higher energy level. This results in more electrons being above the Fermi-level 
and fewer below the Fermi-level as described by the Fermi-Dirac distribution (eqn 2.8) 
[38]. For metals, the probability of electrons occupation of energy level 𝐸 at 𝑇, the 
temperature, is given by the function below: 









Where, 𝑬, is the energy state, and 𝑬𝑭 , the Fermi-energy level. The Seebeck coefficient 
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Here, 𝑘𝐵 is the Boltzmann constant, 𝑒 is the electron charge, ℎ is the Planck constant, 
𝑚∗ is the carrier mobility T is the temperature. To achieve an induced thermoelectric 
voltage between the two ends, the high energy of the electrons at the hot side is 
reduced by the diffusion at the cold junction. With the knowledge that charge carriers 
in a semiconducting material can occupy states at different energy levels, the Fermi-
Dirac distribution function lays out a perfect framework for understanding the 
distribution of charges in thermoelectric materials.  
2.4.1.1 Enhancement of Seebeck Coefficient 
 
One of the most fundamental research in thermoelectricity is to study the 
thermoelectric voltage, also known as the Seebeck coefficient or thermopower and 
how to effectively enhance it to achieve optimum efficiency [39]. From eqn 2.9 we can 
see that the Seebeck coefficient is not only related to the carrier concentration (𝑛), but 
it is also tied to the carrier effective mass (𝑚∗). Therefore, to obtain a large Seebeck 
coefficient the material should have a large carrier effective mass. However, the 
inverse proportion relation between the charge carrier and effective mass makes it 
complex to optimize the Seebeck coefficient [40, 41]. The exact relationship is 
dependent on the electronic structure of the material and can be intuitive, as shown in 
the Mott formula expressed as: 







}   
2.10 
 
In the expression above, 𝝈(𝑬) is the electrical conductivity, the first term is a constant. 
When the electron scattering is independent of the energy, electrical conductivity is 
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proportional to the density of state. Furthermore, Mott’s formula [40] shows that the 
Seebeck is directly proportional to the derivative of the electrical conductivity, this is in 
respect to the energy band (
𝒅𝝈(𝑬)
𝒅𝑬
) near the Fermi level. Therefore, to increase the 
Seebeck coefficient the slope must be large enough, and this can be achieved by 
ensuring high electrical conductivity, distortion of the electron density also known as 
the resonant effect [41] by introducing impurities.  
Since charge carrier transport is essential in increasing the Seebeck coefficient, the 
energy filtering effect is also an effective way to enhance the power factor. In the actual 
process of charge carrier diffusion, the contribution of low energy electrons to the 
overall Seebeck coefficient is negative compared to high energy electrons.  The 
introduction of a nanostructure or any high-density interface into the system will result 
in the creation of an energy barrier for carrier transport. This will create a chemical 
energy barrier of the order of magnitude equal to the extreme of nanostructuring [42]. 
Ideally, when carriers move through this barrier some of them will be filtered depending 
on their energies relative to that of the barrier. Although the energy filtering effect 
impacts the conductivity negatively because of the loss of some carriers due to their 
low energy, on average the total energy of carriers moving over the barrier increases 
[43].  
Another way of enhancing the Seebeck coefficient is to consider the interaction of the 
charge carriers with the phonons and the impact that it has on the ability to increase 
the overall performance [45]. Generally, the motion of phonons and carriers in 
semiconductors is assumed to be independent of each other. Pragmatically, the 
diffusion of phonons and charge carriers during the diffusion from the hot-end of the 
material to the cold-side gives rise to interaction and changes the equilibrium 
distribution of charge carriers. In this way, phonons act as scattering centres to carriers 
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[44, 45]. This behaviour gives rise to a phonon drag effect, where the velocity of some 
charge carriers and their masses will increase in the direction of the phonons. Recent 
studies have shown that phonon drag effects, which are usually observed only at low 
temperatures, can also occur at room temperature or even at high temperatures when 
the scale of the material is reduced to the nanoscale [47]. This has led to the 
development of practical applications for high-efficiency thermoelectric materials 
under ambient- and high temperatures [46].  
During the phonon drag event, an internal field is produced both by the carriers and 
phonons traction as the system reaches equilibrium. So, the Seebeck coefficient can 
be expressed in terms of this internal field as the sum of the contribution of phonons 
and carriers [47]. 
 
2.4.1  Lattice Thermal Conductivity 
 
Thermal conductivity is one of the most important physical properties in 
semiconducting materials and the most sought-out parameter for optimisation in 
various research fields that focus on applications such as thermal barrier coating and 
thermoelectric systems [48]. To give a solid base on understanding this property, the 
classic Debye model [49, 50] is used to give a classic description of how heat diffuses 
in a material. The heat transfer is primarily carried by phonons, which can be treated 
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2.4.2.1 Phonon–Phonon Interactions 
 
 Phonons have a significant role in thermoelectric materials because of their 
behaviour as heat transporters in a wave-like manner. Phonons propagate all the 
time in the presence of heat, and this causes interactions between these phonons 
[51]. However, the number of phonons interacting cannot be conserved due to the 
creation of newer ones or the annihilation of other  phonons. Three phonon 
scattering interactions take place between these phonons which ultimately determine 
the degree of thermal conductivity. These phonons have two different fundamental  
scattering processes, as shown in Figure 2.3, where 1) two of the phonons 
interact and combine into the third phonon, or 2) energy (Wnkn where n=integer) 
is divided from one mode to two other modes. Phonon-phonon collisions can 
usually b e  classified into two types: normal process (N process) and Umklapp 









Figure 2.3: Schematic diagram of the three phonon scattering processes:(a-b) 
N-process and (c) U-process. 
 
For N-process, two phonons with energy, 𝑾𝒌𝟏−𝟐 each interacts to form another 
phonon with energy and momentum 𝑾𝒌𝟑 and ℏ𝜿𝟑 respectively or the opposite can 
take place [55]. U-process can be described by wave scattering the falls outside the 
Brillouin zone. the added wave vector is given by the by G shown in Figure 2.3(c). If 
there is no interaction between the phonons, the thermal energy will disperse through 
the crystal without defeat and the thermal conductivity will be infinite throughout the 
material. The heat transfer process is random by nature; therefore, this process will 
result in an induced temperature gradient. This transfer of heat is measured via the 
thermal energy that proceeds from one point to another in a straight path and 
undergoing multiple collisions [55].  
At a sufficiently low temperature, the lattice vibrations are frozen when they are on 






























Wk – Energy (defined in terms of
momentum)
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frequency phonons (that the long-wavelength acoustic modes) and small phonon 
numbers (or wavenumber modes). The number of exciting phonons increases with the 
rise of the temperature, and thus the probability of the collisions between phonons 
becomes large. Meanwhile, the mean free path becomes shorter and the thermal 
conductivity is increased. At high temperature, the number of phonons is directly 
proportional to 𝑇. However, the probability of collisions between the phonons is small 
at low temperature, therefore, causing the mean free path to be longer [56].  
For the most part, the temperature dependence of thermal conductivity(𝜿) is 
reliant on the specific heat capacity w h i c h  is proportional to the absolute 
temperature (T) [57]. The effect of anharmonicity coupling between different 
phonons limits the mean free path. While the mean free path is proportional to 
1/𝑇 at high temperatures. As a result, thermal conductivity is proportional to 
1/𝑇. 
2.4.2.2 Phonon–Defect Scattering 
 
Lattice defect scattering mechanism has a peculiar effect on thermal conductivity. It gives 
rise to the scattering of phonons in such a way that phonons reflect, refracts, and diffract, 
all of which have an impact on phonon transport. These defects include point defects, 
vacancy defects or interstitials, dislocations and impurities, etc. As phonons diffuse and 
collide with these defects, their energy is conserved per unit phonon [58]. The affected 
parameter is the mean free path because the presence of the defects shortens the 
average path between scattering events and therefore leads to the low thermal 
conductivity of the crystal. Furthermore, introducing impurities into the lattice 
structure gives rise to additional thermal resistance, and thus lead to a 
decrease in the thermal conductivity [58]. 




2.4.2.3 Phonon–Boundary Scattering 
 
To counteract the phonon-phonon scattering at low temperatures, phonon-
boundary (a phonon scattering mechanism) is employed to effectively scatter 
phonons at relatively low temperatures. At room temperature, silicon thin 
films have shown decreased thermal conductivity due to the phonon-
boundary interactions [59]. The scattering effect is especially tied to the 
mean free path, in nanostructure materials when the distance travelled by 
the photon before being scattered approaches somewhat a value equal to 
the characteristic size of the nanostructure itself, the thermal transport tends 
to deviate for the Fourier law [60, 61]. Phonon transport differs greatly when 
the size of the material is smaller than the mean free path. This means that 
control of heat transfer can be engineered by evaluating the characteristic 
length of the materials, especially in low dimension materials [62, 63]. Similar 
to phonon-phonon interactions, phonon-boundary scattering can be divided 
into two types: specular phonon-boundary scattering where the reflection of 
phonons is in specular nature [64], diffusion and phonon scattering at  various  
angles. Both scattering modes (phonon-phonon and phonon boundary) pose 
serious bottlenecks in heat transport across interfaces. In composites, like 
the one studied in this work, phonon scattering is mainly attributed to the 
interfacial thermal resistances which arise from acoustic mismatch at filler 
matrix interface  
[35]. In a perfect crystal material, atoms are arranged periodically, making it possible 
to calculate and solve the equations of motion where the solutions are perfect 
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harmonic oscillations of a plane wave [65]. The harmonic oscillation has a frequency 
that is associated with the energy, 𝐸 given by and can be characterised by a specific 
wavelength, λ 
𝐸 =  ℏ𝜔  
 
2.11 
𝛌 →  𝐤 =  
𝟐𝝅
𝛌
   
2.12 
  
 In the phonon gas model (PGM), Figure 2.4, the frequency of one vibrational mode 
does not transport any heat, therefore the sum of these frequencies are grouped to 
form a wave pack that acts like particles in the gas model [66]. Each phonon pack has 




Figure 2.4: Schematic diagram showing the PGM analogy of the classical gas 
model. 
 
Each particle represents a phonon pack, that has a velocity and travels in a direction 
with vector k. However, unlike an ideal gas where there are no collisions between gas 
 
  
The length of  the arrow  
is the mean free path
The magnitude of the arrow 
is the phonon group velocity 
phonons
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molecules, phonon mean free path is limited by collisions between phonons 
themselves or with lattice imperfections. Based on this physical picture, Debye 
proposed the classical model for thermal conductivity in which the full phonon 





 ∑ ∫ 𝐶(𝜔) ∙  𝑠  ∙ 
𝑉𝑚𝑎𝑥
0 
 (𝜔) ∙ d𝜔 
2.13 
  
Where, 𝑪(𝝎)  is the specific heat,  𝑠 is the sound velocity and 𝚲(𝝎), is the phonon 
mean free path. Figure 2.5 illustrates the different parameters affecting the overall 
thermal conductivity of a material. Based on the Debye model, Callaway and von 
Baeyer [67], presented eqn 2.13, in terms of the relaxation time which characterizes 
the time taken between successive collisions by themselves or lattice imperfections of 
various kinds (dislocations, grain boundaries, etc.). There are few studies on the 
modification and application of this model [68-71]. For thermal transport in 
semiconducting materials, both electrons and phonons are responsible for the 
diffusion of heat. Using a classical gas model based on eqn 2.13, a simplified Debye 
model for thermal conductivity is given as,  
𝜅 =  
1
3
 𝐶𝑉     2.14 
  
where 𝐶𝑉, is the heat capacity at constant volume,    , is the phonon velocity and is 
identified with the sound speed [72] and  , is the phonon mean free path that gives 
the distance phonons travel after a scattering. The individual parameter of analysing 
the effect of phonon thermal conductivity via phonon scattering mechanism from the 
microscopic perspective is shown in Figure 2.5. 















2.4.2.4 Heat Capacity (𝑪𝑽) 
 
Heat capacity is a measure of the amount of heat energy absorbed by a material as 
the temperature is increased [73]. It arises from the rapid movement of atoms and 
bonds as the temperature increases. Increased heat capacity leads to high 
thermoelectric performance due to reduced thermal conductivity. Figure 2.5 above, 
continue to show that larger unit cell materials, that exhibit intrinsic high heat capacity 
and the evaluation of 𝑪(𝝎) across the vector space provides information on the 
thermal conductivity. For most semiconductors, heat capacity 𝑪𝑽 is temperature 
dependent. At an extremely low temperature, the specific heat capacity of 
phonons is proportional to 𝑻𝟑 [73]. At relatively high temperature, the heat 
capacity becomes constant and approximates to 𝟑𝑹 (where 𝑅 is the gas 
constant).  
2.4.2.5 Phonon Group Velocity (𝐯𝐬) 
 
Phonon group velocity is an important factor in understanding the microscopic theory 
relating to the thermal conductivity of semiconductors and semiconductor 
composites. The idea refers to the speed at which a wave packet of quantised 
phonons travel across a given volume [74].  It has a direct effect on the thermal 
conductivity of the material. As a result, the group velocity of these phonons is large. 
At low continuum limit, the group velocity reaches the acoustic velocity (𝑪𝒔) in a 
crystal, which is associated with the elastic stiffness, and mass density in the 
long-wavelength region [75, 76]. The optical modes at short wavelength have 
significantly small group velocity and therefore can be negligible, however near the 
edge of the Brillouin zone, acoustic modes are more dominant. Moreover, optical  
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phonons contribute the most to specific heat and a little to heat flux, making any 
challenge in tuning the thermal transport of a material, an acoustic phonon 
optimisation problem [77, 78].  
2.4.2.6 Phonon Mean Free Path 𝒍 
 
The mean free path can be written as a function of temperature and microstructural 
features such as grains and interfaces. Therefore, since the density of states of 
phonons depends on the temperature, the phonon-phonon interactions are affected 
by introducing lattice imperfections that scatter phonons [79]. This approach allows for 
altering the thermal conductivity of the material by structural engineering. Good 
thermoelectric materials are good thermal resistors and the mean free path becomes 
an important parameter to tune semiconductors to achieve that. Assuming the 
scattering mechanisms are additive, the total phonon mean free path can be 



















 , is the scattering process limited by defects. All the scattering 
interaction between phonons and defects, boundaries or other phonons has an impact 
on the mean free path. However, the most prominent impact arises from the scattering 
mechanics that shortens the mean free path the most. 
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2.4.2.7 Phonon-Phonon Scattering Mean Free Path ( 𝒍𝒑𝒉) 
 
Lattice vibrations can be described using the spring-mass system, that is, single 
oscillations do not decay for the harmonic theory and the lattice waves can interact. 
Moreover, the elastic coefficients don’t vary, suggesting that heat transport could proceed 
with no obstruction and therefore cause an infinitely large thermal conductivity [82]. In 
perfect crystals, lattice distortions can affect thermal conductivity significantly. This is 
mainly due to the elastic coefficients when you change or tune these coefficients by 
displacing an atom in the lattice structure this creates a distorted lattice structure and when 
phonons propagate through these distortions the heat transfer is changed. The 
temperature also plays a key role in the sense that, at low temperatures, N-process 
scattering can be neglected,  while at a  higher temperature, all phonon vibrational 
modes are thermally excited and U-process occurs making the rate of scattering 
increase proportional to the increase in temperature [52]. The main mechanism of thermal 
resistivity is phonon–phonon Umklapp scattering with the attendant large momentum 
change in the collision. The U-processes are more prominent and account for the decrease 
of the thermal conductivity at relatively high temperatures [83]. 
 
2.4.2.8 Defect Scattering Mean Free Path, ( 𝒍𝒅) 
 
Phonons can be regarded as pseudo-particles. In this sense, t h e  kinetic 
theory can be used to explain phonon impurity scattering. According to kinetic 
theory, the mean free path due to impurity is: 
𝑳𝒊𝒎𝒑 =  
𝟏
𝝈𝒔𝒄𝒂𝒕 (𝝌) 𝜼 
 
2.16 




Where 𝜼 denotes the impurity concentration. 𝝈𝒔𝒄𝒂𝒕 is the scattering crosssection, 
which is a function of the size parameter 𝝌, that is defined as 𝝌 = 𝒒𝒓. In point defect 
or impurity scattering the cross-section of the defect is important because as the size 
of the material approaches zero, the cross-section scatters light in such a way that it 
follows Rayleigh’s law. In the Rayleigh scattering spectrum, the cross-section 
changes according to the function, 𝝈 𝒅𝟔 𝝎𝟓, where 𝝎 is the frequency of the phonon  
and 𝑑 is the size of the particle [84]. The relation, therefore, suggests that at short 
Brillouin zone edges or short-wavelength phonons scatter more than they do at long 
wavelength. However, when the size parameter decreases and approaches zero, 
cross-section scattering appears to be frequency independent. One way to effectively 
utilise defects to reduce thermal transport is to synthesis a porous material. In these 
structured materials, dislocations, vacancies, etc are impurities in the order of 
magnitude of the atomic scale. Therefore, the scattering cross-section in these 
materials follows Rayleigh's law. There is no correlation between phonon scattering 
and long to mid-wavelength phonons in porous materials, therefore these 
wavelengths still have strong negative thermal conductivity contributions. However, 
this can be counteracted by reducing the volume of the grain boundary in the material 
[85-87]. Phonon transport characteristics differ greatly at interfaces in bulk than that of 
the nano-scale region. As particle size decreases to the nanometer scale, the interface 
can lead to significant phonon scattering. The heat flow within the composite materials 
is impeded by the presence of interfacial resistance, which decreases the benefit of 
adding high thermal conductive filler [86]. As a result, the thermal conductivity of the 
composite materials is lower than that of their non-composite counterparts [88]. 
 




2.4.2.9  Enhancement of Lattice Thermal Conductivity 
 
To increase the efficiency of thermoelectric materials via reducing heat transport, it is 
helpful to look at materials that are intrinsically low thermal conductors. These 
materials typically have heavier atoms in their crystal lattice or have large unit cells, 
both of which tunes the heat capacity and phonon group velocity. Materials like 
chalcogenides, perovskites, such as CaZrSe3 etc [89, 90] usually have very low 
intrinsic lattice thermal conductivity and this can be attributed to the low speed of sound 
that results from weak and soft bonds and light to heavier atoms like zirconium and 
calcium [90]. Besides, the high coordination numbers in these materials give rise to 
the high anharmonicity of phonon vibrations. The effect of such intrinsic structural 
features can be seen in the high figure of merit of compounds such as Zn4Sb3 (1.3 at 
700 K) and Yb14MnSb11 (~ 1 at around 900 K) [91]. Looking at Zn4Sb3, the low thermal 
conductivity of 0.3 W/mK, is associated with the randomness of how the Zn ions are 
distributed at multiple sites of the structure [92]. So, by increasing the Zn ions in the 
lattice the structure gets disordered and distorts the material, destroying the vibrations 
and decreasing phonon transfer. The number of layers in the material also has a 
significant effect on thermal conductivity. NaxCoO2 has layers of CoO2, and a 
disordered Na atom layer and the heat conversion efficiency of this material is 1 [93]. 
A reduction in the atomic layers in superlattice materials containing an x amount of 
ordered and disordered layers can lead to a significant reduction of the thermal 
conductivity and possibly higher ZT [92]. Although some materials are inherently low 
lattice thermal conductors due to low phonon levels and specific heat in most 
materials, the group phonon velocity and specific heat are not sensitive to any 
structural changes posing a challenge in trying to modulate them. Such materials are  
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only susceptible to reducing thermal conductivity by forcing a reduction on the mean 
free path that phonons travel. We have seen in CHAPTER 2 section 2.4.2.6 on mean 
free path discussion, that the average transmission distance is determined by, the 
collision between phonons and the scattering during the phonon transport process 
[82]. Bulk thermoelectric materials traditionally have large grains with a relatively small 
grain boundary content. However, by decreasing the size of the grain to the nanoscale, 
the boundary content increases, making the atomic arrangements at these interfaces 
and the electron distribution differ greatly within the gains. This produces a boundary 
barrier that has a huge impact on the carriers and phonon transportation [94].  
The impact of grain boundaries on long-wavelength phonon is beneficial to the 
reduction of the thermal conductivity. The grain boundaries have a certain scattering 
effect on the long-wavelength phonons, which is beneficial to the decrease of the 
thermal conductivity. In their work, Poudel et al. [95, 96] reported an increase in the 
pyroelectric performance of p-type Bi0.5Sb1.5Te3, by increasing grain boundaries. They 
also reported an increase in electrical conductivity across a temperature gradient 
however, the Seebeck coefficient was lower than that of alloys below 175°C. When 
above 175°C, it was higher than that of the unalloyed material. This is also due to the 
energy filtering effect of grain boundaries.  
 
2.5 ELECTRICAL CONDUCTIVITY AND RESISTIVITY 
 
Transport properties are linked to the flow of charge carriers in semiconducting 
materials and electrical conductivity measures the ease at which these charge carriers 
move in the material. Likewise, the difficulty of the charges to migrate measures the 
electrical resistivity. The ability for a material to conduct electricity is an important and  
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electronically dependent property that is usually a function of temperature. Electrical 
conductivity has an inverse relationship with electrical resistivity [100]. At room 
temperature, electrical resistivity 𝝆 is indistinguishable on whether or not the material 
being used is a metal (with resistivity in the order of 106 Ωm and less) or an insulator 
(𝜌, on the order of 110 Ωm or more) [97]. In the former case, supposing the lattice was 
perfect, the electrons would have to travel through the lattice and the material would 
exhibit finite conductivity due to the thermal motion of the lattice [98]. The resistivity of 
a semiconductor material falls between the metal and insulator regimes and the 
resistivity of thermoelectric materials fall in the optimum range of about 102-103 Ωm 
[99]. The electrical resistivity of a semiconductor highly depends on the mean free path 
and the charge carrier concentration. Similarly, for phonons in terms of thermal 
conductivity, charge carriers can be reflected or scattered by either impurities or grains 
and defects on the surface of the material [100].  
Most semiconductors that exhibit low electrical resistivity have an infinite lattice 
structure at fairly low temperatures, however, semiconductors tend to be fewer 
conductors at low temperatures due to the limited number of free electrons [98]. 
Moreover, the analysis of the temperature dependence of the electrical resistivity in 
intermetallic compounds is a powerful tool for obtaining information regarding the 
intrinsic properties of these materials. Depending on the temperature range 
considered, one can draw certain conclusions regarding the scattering of electrons on 
the thermal excitations of the lattice [101]. 
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2.5.1 Charge Carrier Mobility 
 
The rate at which the carriers move when they respond to an external force such as 
an electric field or lattice distortions is measured as charge mobility [102]. This can be 
calculated by taking the ratio of drift-velocity and the energy of the internal field. 
Crystalline structured materials, which typical semiconductors have, contain a periodic 
lattice structure that has characteristics defined by the wavefunction 𝝍𝒌(𝒓) [102]. This 
wavefunction has a potential energy term that can be expressed in terms of an applied 





where 𝒗𝒅 is the drift-velocity and, 𝑬 is the applied electrical field. Charge mobility is 
highly influenced by scattering processes. However, in the presence of these 
scattering processes, the resultant mobility becomes rather complex to calculate. To 
date, there has been no thorough analysis of the validity limits, as far as theoretical 
approaches are concerned, and a few adopted models have been performed [103].   
As seen in the expression above, electronic transport is described in terms of local 
electric-field energy applied in the directional drift velocity of the charge carriers which 
is associated with a current density, 𝒋 = 𝒆. 𝒏. 𝒗, where 𝒆 is the electric unit charge, and 
𝒏 is the local charge-carrier density and 𝒗 is the group velocity. The local carrier 
density can be engineered via various methods such as injection, photogeneration or 
doping [104]. The relationship between   and the electric field shows a linear function 
for moderate field strengths, therefore the degree at which the carriers drift through a 
semiconducting material becomes the most fundamental and intrinsic aspect of 
electronic transport [105]. Since mobility describes both the electrical conductivity and  
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the crystal structure, the ratio between carrier mobility and thermal conductivity via the 
Pierls relation gives rise to a mean atomic weight function. We can calculate the ratio 
as a function of the electron mean free path 𝒍𝒆 and the phonon mean free path 𝒍𝒑 in a 









  2.18 
Here, 𝝆𝒎 is the mass density; 𝒗𝒔 the velocity of sound in the crystal; 𝑐 is the specific 
heat of the crystal; and me is the electron mass and charge. 
 
2.5.2 Charge Carrier Concentration 
 
Charge carrier concentrations become significantly important in achieving large 
thermoelectric performance. Adjusting the concentration to effectively dominate the 
electronic transport can influence both the Seebeck coefficient and electrical 
conductivity [106]. Thermoelectric properties such as electronic structure depend on 
the carrier concentration,  and for typical thermoelectric materials, concentrations can 
vary from 1019 to 1030 per cm3 [107]. Since carrier concentration is defined as the 
number of majority carriers per unit volume-occupying an energy state, one way to 
improve the carrier mobility and concentration of semiconductors are to choose the 
optimum doping level that yields the maximum figure of merit. A limiting factor in 
achieving high conductivity by increasing the carrier concentration is linked to the 
direct influence it has on the thermopower (𝑺𝟐) [98]. Increasing electrical conductivity 
is usually accompanied by a simultaneous decrease in the Seebeck coefficient Since 
the Seekbeck coefficient is a square parameter in the figure of merit function, 
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increasing the carrier concentration will decrease the thermopower by a factor of a 
square function [98].  
Delaizir et al. [108] studied the p-type alloys of Bismuth,  Bi1-xSbxTe3  with 0.9 ≤ 𝑥 ≥  
1.7. From the data obtained they realised the amount of antimony (x) showed a linear 
relation with the charge carrier concentration. Drasar et al. also studied the effect of 
carrier concentration on thermoelectric properties and non-stoichiometry of GaGeTe 
[109]. From their findings, it was observed that the qualitative measurement of the 
transport parameters showed that both stoichiometries of Gallium (GaGeTe1-y and 
Ga1+xGe1-x Te) are p-type semiconductors with carrier concentration 𝑛 ≈  1019 cm-3. 
Furthermore, they observed a linear growth with increasing hole concentration and 
these findings corresponded with experimental data. Thermoelectric properties vary 
systematically with varying carrier concentration. This can be attributed to the negative 
Seebeck coefficient that indicates the domination of electrons as charge carriers. [110, 
111]. 
2.5.3 Enhancing Electrical Conductivity 
 
Electrical conductivity is highly dependent on the number of charge carriers in the 
lattice structure, the rate and ease at which these carriers diffuse through the material 
and the applied external field that can result from the distortion of the materials’ 
electronic structure [112]. Incorporating an electron donator or electron acceptor 
elements in a semiconductor crystal structure alters electronic properties such as 
carrier concentration and band structure. Cao et al. [113] studied the effect of 
embedding graphene with heavy metals such as Cu, Al, and Ag. They realized that the 
trade-off between carrier density and mobility is overcome in the interface system. 
They also reported the high electron density and carrier mobility together through  
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detailed morphological control and interfaces. In addition, Cao et al. reported three 
orders of magnitude increase in electrical conductivity, higher than the Cu embedded 
graphene. Tam et.al. [114] reported an organic enhancement approach, they used 
proquinoidal-conjugated polymer to tune the electron transfer from the conjugate 
polymer to the p-dopant. They reported intrinsic conductivities in the order of 10-2 S 
cm-1 and indicated that enhancement of the Seebeck coefficient from carrier-induced 
softening can be achieved. Furthermore, a maximum power factor of 11.8 μWm-1K-2 
was achieved in thin-film thermoelectric devices. 
2.5.3.1 Nanostructuring via Doping Mechanics 
 
 Doping is one of the commonly used methods to tune the electronic band structure of 
materials for thermoelectric use [115]. The effect of adding an impurity in the lattice 
structure of materials (doping) relies extensively on the fabrication method, dopant 
concentration and the nature and type of the dopant. Both the donor and acceptor 
dopants are denoted n-type and p-type respectively, contributing to the electrical 
conductivity of thermoelectric materials due to their enhancement of charge carrier 
concentration and mobility [116]. Banerjee et al. [117] reported the effect of Al dopant 
on ZnO systems. A maximum mobility value of 17.7 cm2/Vs was obtained by the 
authors with a corresponding minimum resistivity of 4.4 x 10-3 Ω cm, this showed two 
orders of magnitude increases compared to other materials. Furthermore, the carrier 
concentration of 1.7 x 1020 cm-3 was obtained at 3% Al concentration. Finally, the 
authors reported that the conductivity of the AZO system decreased as the solubility 
limit of Al in ZnO is reached. They concluded that at low Al concentrations of 3% and 
less the effect of the dopant is more pronounced and the properties of ZnO were 
improved because of the incorporation of Al3+ on the Zn2+ interstitials.  




2.6 FIGURE OF MERIT 
 
looking at the figure of merit equation (under CHAPTER 1 section 1.3 (eqn 1.1), it is 
evident that in principle, one way to increase ZT is to increase either electrical 
conductivity, Seebeck coefficient or both and to decrease the lattice thermal 
conductivity. However, as explained in the subsections above, the interdependence of 
these parameters to each other poses a challenge in improving ZT [42]. Moreover, for 
good thermoelectric materials, not only is a high figure of merit over a wide operating 
temperature range required but also sound mechanical, metallurgical and thermal 
characteristics should be optimised for the material to be used in practical 
thermoelectric generators. Below is the list of some materials that have been studied 
[118] for the properties mentioned above, and the schematic illustrates ways of 
enhancing the performance of these materials.  




Figure 2.6: Schematic illustration of the history of thermoelectric materials and the different approaches to improving the 
ZT.
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2.6.1 Mass Fluctuation Strategy (Half Heusler) 
 
Increasing the figure of merit via the introduction materials like half Heusler was noted 
to be very effective because of the ability of these materials to lower the thermal 
conductivity [119]. The half Heusler materials get their reputation for being high-
temperature thermoelectric materials owing to their high-temperature stability [119]. 
They come from a family of materials with structures that are denoted as ABX. These 
can be alloys with MgAgMg type of structure. An example of such half Heusler 
materials is ZnNiSn, which has a bandgap between 0.21 – 0.24 eV [120]. They are 
well-known for having inter-metallic bandgaps with high Seebeck coefficients and have 
a semi-metallic transport property. Mallick et al. [121] explored the thermal conductivity 
of isoelectric and non-isoelectric half Heusler alloys by substitution of A = Ge, Si, Sn 
or Sb in (Zr1-xTix )Ni(Sn1-yAy). They observed that the ZrNiSn0.95Ge0.05 alloy has a 
high Seebeck coefficient due to an effective mass charge of 2.49 me, compared to the 
double substituted alloy Zr0.75Ti0.25 NiSn0.97 Si0.03 that has 0.85 me [121]. Different 
compositions yield different property enhancement. For example, Zr0.75Ti0.25 NiSn0.97 
Si0.03 has a low thermal conductivity due to scattering alloy while ZrNiSn0.95Ge0.05 alloy 
showed the highest power factor of 2.9 mW/mK2 with a 35% reduced thermal 
conductivity resulting in the highest figure of merit (Zt) to all the other alloys including 
the pristine alloy [122]. The leg efficiency of the alloy was found to be 6% with a power 
output of 2.3 W/cm2 at 1000 K. Uher et al. suggested the substitution of Indium 
samples in ZrNiSn compounds to enhance ZT. The preliminary measurement of 
chemically substituted TiNiSn suggested that this system may hold promise for 
enhanced ZT values in chemically disordered materials [122]. 
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2.6.2 Nanostructuring  
 
This section covers the different thermal conductivity reduction mechanisms as 
graphically outlined in Figure 2.7 below. Nanostructuring refers to techniques used to 
enhance optical responses utilizing surface-enhanced spectroscopies such as Raman 
scattering, infrared absorption, and fluorescence spectroscopies [101]. 
Herein, low dimension materials are used to improve parameters such as power factor 
and/or reduce the thermal conductivity. The constituents are responsible for quantum 
confinement effects which have a direct improvement on the power factor, Figure 2.7. 
Furthermore, nanostructuring techniques introduce internal interfaces that can scatter 
phonons and decrease the lattice thermal conductivity. The density of states (DOS) 
increases with a decrease in particle size, if the DOS is near the Fermi energy level, 
there is an increase in the Seebeck coefficient. Low dimensional materials are 
advantageous in terms of their anisotropic Fermi surface especially with multiple valley 
semiconductors that offer increased carrier mobilities at a specific carrier 
concentration. If the confinement effect is satisfied modulations such as doping, and 
delta doping can be utilized. Therefore, nanostructuring gives various ways to 
manipulate the thermoelectric parameters [101]. The carrier mobility is independent of 
the electron-phonon coupling under normal conditions such as near and above the 
room temperature [123]. Hence phonon drag has been ignored in most of the 










Figure 2.7: (a-b) types of organized and disorganized nanomaterials with the 
 effects of nanostructures on the thermoelectric efficiency, (c) phonon  
scattering, (d) phonon bandgap, (e) energy filtering effect and carrier type, (f and 
 h) modification of DOS for quantum dots/superlattice via quantum confinement 
 and (g) doping [125]. 
 
First-principles calculation and theoretical predictions in the improvement of ZT show 
that the modification is based on the electronic thermal contribution of the material and 
the power factor. This is due to the spatial confinement of the carriers and how the 
related carrier density of states changes. Moreover, building superlattices of similar  
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materials show that the phonon-transport can be modulated due to the emergence of 
Umklapp processes as described in section 2.4.2.3 The phonon confinement affects 
the entire phonon relaxation rate and this makes a difference in the thermal transport 
properties of nanostructures from the bulk structures. The spatial confinement effect 
causes changes in the phonon velocity and dispersion and as a result, decreases the 
lattice thermal conductivity by increasing the phonon relaxation rate.  
The impact of nanostructure compares to bulk materials and evaluation of different 
bottom-up engineering approaches in synthesizing thermoelectric nanostructures via 
solution processes studied for thermoelectric efficiency improvement [124]. 
Nanostructure material, such as nanocomposites, can enhance the performance of 
thermoelectric materials via tuning the electronic structure by modulation doping. This 
increases the electrical conductivity and Seebeck coefficient by manipulating the DOS 
or filtering charge carriers according to their sign and energy. A decrease in thermal 
transfer by scattering of phonons (𝒌𝑳) and minority charge carriers (𝒌𝒆) is also 
observed, see Figure 2.7(c). These nanomaterials have favourable mechanical 
properties such as limited brittleness and improved machining, as grain boundaries 
disrupt the motion of dislocations. 
The challenge lies with the designing and engineering of nanostructured materials with 
optimized efficiency because the close interrelation between the transport properties 
makes the range of material parameters that optimize ZT extremely small, requiring 
the ability to adjust them with very high precision. Achieving the necessary precision 
in the modulation of the parameters is more challenging in complex materials such as 
nanocomposites, with a few additional degrees of freedom compared to single  
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crystals. The shape, composition, size, and phase of each nanodomain form 
distribution and orientation, and their interface properties including coherence, band 
alignment, defects and roughness are not considered on crystalline materials but 
determine the functional properties of nanocomposites. Nanostructuring of 
thermoelectric materials depends highly on their synthesis method. This includes: 
 Size and shape control 
Although often unexplored, the interface characteristics and density will play a key role 
in determining the thermoelectric properties of nanocomposites. Furthermore, tuning 
crystal domain size in the appropriate range also allows the alteration of the electronic 
band structure through the quantum confinement effect. With bottom-up methods, 
these parameters can be manipulated via size and shape control [126]. 
 Composition and phase control 
To simultaneously change all the parameters needed to optimize the thermoelectric 
properties (phonon dispersion, carrier mobility and concentration, and band 
convergence), complex compounds with crystal structures or more with substitutional 
elements are required. This will allow for precision in-phase and compositional 
engineering. Post-synthetic methods like composition and phase control are useful in 
synthesizing nanostructures with increased compositional complexity which can be 
important for the optimization of electrical conductivity and to a certain extent thermal 
conductivity [126, 127]. 
 
2.7 SINGLE PARABOLIC BAND AND KANE BAND 
 
The Kane-band model represents a non-parabolic approach to solving electronic 
calculations. Unlike the single parabolic band model, the Kane-band describes 
transport in terms of an effective mass of charge carriers that varies with energy (or 
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Fermi level) making the Kane band more linear and less parabolic at higher energy 
[128]. Properties that are linked to the transportation of charge carriers via carrier 
concentration in thermoelectric materials such as thermal conductivity, electrical 
conductivity and Seebeck coefficient contribute to the overall efficiency of the 
thermoelectric module. These parameters can be obtained via experiments hence, 
there is a need to effectively optimize the carrier concentration to achieve a high figure 
of merit. So, prediction of the transport properties can be made if the electronic band 
structure of the material is well known and understood.  Predictions can be achieved 
by employing first principle methods, particularly density functional theory (DFT) [129].  
DFT involves structural property calculations based on the ground state-level, which 
does not reflect the actual state of the material, therefore falling short on producing 
accurate electronic properties of the material. Hence, modelling the material to fit the 
best band predicting model is important [130]. These DFT models include a single 
parabolic band (SPB) and singe Kane band (SKB), and they are commonly used 
based on which band takes part in the electronic transport [131]. These models are 
applicable when electronic conduction is limited to just one band, parabolic or non-
parabolic. Multiband modelling is possible, however, solving the equations to obtain 
the eigenvalues becomes very complex. SPB model uses simple mathematical 
techniques to analyze the initial state of the material, this simplistic approach makes 
a single parabolic band easier to work with [132]. However, over-simplifying the 
technical approach to calculate these parameters has many shortcomings, especially 
when the model is used to analyze systems that have a wide range of carrier 
concentrations. For materials with high electronic transportation around multiple near-
degenerate bands, this model is likely to fail. Transport properties, including electrical 
conductivity of complex structured materials can be modelled through the 
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implementation and use of the single dispersion curve, which is based on the idea that 
heavily doped semiconductors show parabolic bands that can be integrated in terms 
of the Fermi-Dirac functions [133], making majority carrier, and bands associated with 
them relevant to obtain transport properties. The mathematical framework of the single 
band model is based on the Boltzmann transport equations [130] (eqn 2.18). The 
single band model can be separated into two types depending on the electronic band 
structure information obtained prior. It is either parabolic or non-parabolic. With the 
parabolic single band model, the energy dispersion is associated with the effective 






where ℏ is the reduced Planck’s constant, 𝑘 the Boltzmann constant, and 𝑚∗ the band 
effective mass. For the non-parabolic single band model (known as single Kane band), 
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 where, 𝐸𝑔  is the bandgap of the material. The quadratic energy function accounts for 
the non-parabolic nature of the electronic band, and the non-parabolic model shows 
that the effective mass has a direct consequence on both the energy and bandgap. 
These two models are commonly known as the single parabolic band model and the 
single Kane band model, respectively. Experimental data obtained for electrical 
conductivity, Seebeck coefficient, thermal conductivity, Hall coefficient and 
temperature are used as input variables for both SPB and SKB models. The solutions 
output of these models, particularly SPB, involves the procedure wherein each 
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iteration step the number of unknown parameters is restricted to one. Pisarenko plot, 
which represents the relation between the Seebeck coefficient and charge carrier 
concentration has been drawn by Zhao et al. [134]  to check the band edge 
characteristics. They present the variation of the Seebeck coefficient with charge 
carrier concentration from experimental data at a given temperature. The single 
parabolic band models can be drawn from this plot by simply applying a line of best fit 
through the data points. Deviations from the Pisarenko line gives characteristics of 
multiple bands, nonrigidity, presence of electronic band structure features such as 
resonant state and electron filtering [135, 136]. Furthermore, model validation of these 
models can be obtained from plots of charge carrier mobility (𝜇) versus charge carrier 
concentration (𝑛) and ZT versus 𝑛. To understand the single parabolic band model, 
five state-of-the-art thermoelectric materials were examined based on their differences 
in the electronic structure and representation of contribution to electrical transport 
coming from 1) a single parabolic band (ZnSb), 2) a single nonparabolic band (PbTe), 
3) multiple degenerate bands Mg2Si0.3Sn0.7 and 4) multiple near-degenerate bands 
(Mg 2Si0.4Sn0.6 and CoSb3). 
 ZnSb  
ZnSb is a p-type thermoelectric material with high electronic properties. The modelling 
of a single parabolic band for this material is illustrated in Figure 2.8. In the case of the 
near degenerate bands, increasing the doping level makes it difficult to analyze the 
electronic properties based on the SPB or SKB. This is linked to the effect of the 
impurity band conduction, a study of low doped specimens was done to confirm this 
effect [137]. Michael Böttger et al. [137, 138] reported that an increase in the effective 
mass when the carrier concentration is high indicates the possibility of two-band 
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conduction with electronic structure calculation revealing the presence of heavy holes 
in the band around 0.8 eV below the valence band maximum. Generally, only the light 
band (band 1) is considered while modelling its thermoelectric properties. 
 
Figure 2.8: Schematic band structure of the valence band edge in ZnSb. 
 
 PbTe  
PbTe is an n-type material that exhibits characteristics where the sole conduction band 
has a non-parabolic nature, therefore, the applicability of the SKB model is important 
[139]. Here both SKB and SPB have been applied to the experimental data to study 
the relative outcomes. A statistical tool called the identification of scattering 
mechanism has been used to check the suitability of either SPB or SKB analysis of 
the PbTe system. A lower value of identification of scattering mechanism for a model 




 𝑬 = B1 – B2Band 1
Band 1
Two near degenerate bands
 ZnSb (p-Type)




concentration, SPB showed a better fit to calculate the electrical conductivity. The 
single parabolic band reported lower values ranging above 1025 m-3, in either case, it 
provides a better fit. However, SKB gave a lower scattering mechanism value for the 
entire range of carrier concentration which shows a higher deviation of the effective 
mass from the average value at higher charge carrier concentration, indicating an 
increase in the electrical conductivity. P-type PbTe and other materials with a known 
nonparabolic band edge could be studied in a similar way to get more insight into the 
nature of the extent of this nonparabolicity. 
 




The schematic band structure below illustrates the band structure of Mg2Si0.3Sn0.7, 
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this material is n-type. Mg2Si1-xSnx are known to be n-type thermoelectric materials 
with relatively large ZT. This is due to their large power factor, which results from the 
convergence of conduction bands and low lattice thermal conductivity which is linked 
to alloying scattering [140]. The highest ZT was achieved when the two conduction 
band minima at  𝑋  k-point in the reciprocal space become degenerate as seen in 
Figure 2.10. The figure merit for these materials is close to x ∼ 0.7 (Mg2Si0.3Sn0.7). 
Using the single Kane band model, with k values assumed at 1, the 𝛼 parameter was 
taken to be 0.0637. Transport properties were calculated based on the literature data 
obtained from Liu et al. [144] where the 𝑚𝐷1
∗  and 𝜇 were taken to be 1.1 me and 0.0123 
cm2/Vs.  
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2.8 THE CONCEPT OF NOVEL THERMOELECTRIC MATERIALS 
 
2.8.1 Effect of low dimensional materials on thermoelectric properties 
 
Low dimensional materials (e.g. 2D and 1D materials) have shown [141] an important 
effect on both the chemical and physical properties of thermoelectric materials. 
Reducing the dimensionality of bulk material to 2D changes the electronic and lattice 
structure drastically. Most bulk materials such as transition metal chalcogenide with a 
relatively small bandgap, when they undergo exfoliation and cleaved into few-layer 
nanosheets, their bandgap increases inversely to the thickness of the material [141]. 
Moreover, the electronic structural changes such as the transition from indirect band 
structure to direct band structure are observed as the material thins into few layers 
and eventually to monolayer thickness. This results in larger charge carrier mobility, 
effective mass charge (among other properties) and provides an opportunity to explore 
newer low dimension materials as the next generation foundation of electronic devices 
[142]. 
At a single-layered level, NbSe2 shows superconducting characteristics compared to 
its bulk counterpart that is not a superconductor material [143]. Modulating the 
thermoelectric properties of bulk materials by reducing their dimensionality has a direct 
effect on the overall ZT value, simply because the electrons in the system started to 
get confined in 2D space [144]; increasing the density of states. Therefore, it is crucial 
to optimize all three parameters during exfoliation and this can be achieved by 
incorporating engineering mechanisms like doping the 2D structure. Also, the 
nanosheets may reduce the phonon thermal conductivity and therefore increase Z as 
phonons can now be scattered by the interfaces and grain boundary between layers.  
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As illustrated in Figure 2.11 below, the dimensional reduction effect on thermoelectric 
materials can be divided into the following: 
 increased charge carrier concentration due to doping effect and quantum 
confinement. 
 the larger density of state around the chemical potential, therefore increasing 
the Seebeck coefficient. 
 making use of the energy valley semiconducting materials with surface 
anisotropy. 
 lower lattice thermal conductivity due to increased phonon-boundary scattering 
on the potential walls of quantum well structures.  
 
 
Figure 2.11: Progress of the figure of merit on thermoelectric materials across 




M = Co, Rh, Ir





K    , 
K    , 
• Improved carrier 
mobility.
• Increased density of 
states.
• High probability of 
phonon scattering.
• Increased multi-energy 
valley effect 
  CHAPTER 2: LITERATURE REVIEW 
 
64 
If we look at the thermopower (𝑺𝟐) of 2D materials, it is inversely related to the 
thickness of the material and this is mainly due to the volume that the electrons occupy 
in the system at the dimension and this is according to the Hicks- Dresselhaus model 
[145]. Based on the model proposed by Dresselhaus et.al [145] the thickness of these 
2D materials generates an electron gas effect in the single-layer structure which has 
an improvement on the thermopower. Moreover, a potential barrier on interfaces and 
boundaries develops of the composites and acts as a charge carrier filter, filtering out 
low energy carriers and transmits high energy charge carriers over the potential barrier 
thus enhancing the Seebeck coefficient. In addition, higher electrical conductivity is 
associated with large thermal conductivity which impacts the former negatively due to 
the offset compromised by reducing the thermal conductivity. Coherent lengths such 
as mean free paths and wavelengths are observed to be much longer in phonons 
compared to electrons. Some reports [146] have shown that to counteract and 
optimise both electrical and thermal conductivity phonon transport has to be 
suppressed at the interfaces, grain boundaries, and defects, which reduces 𝜅 whilst 
maintaining σ and this approach is called the phonon glass electron crystal model 
[147]. This then allows for the grain boundaries and interfaces in the 2D composite to 
be utilized for thermal transport reduction, with a small impact on the electrical 
conductivity via scattering mid-to-long wavelength phonons. A low dimensional 
structure like inorganic thin films has disordered surface structures increasing the rate 
of a random scattering of short-wavelength phonons [148]. As a result, further 
breakthroughs in the design and synthesis of novel two-dimensional thermoelectric 
materials with higher 𝝈 and 𝑺 along with lower 𝜅 hold the key to the production of high-
efficiency thermoelectric materials [148].  
 





2.8.2 Properties of Low Dimension Thermoelectric Materials 
  
2.8.2.1 Quantum Well-Structures 
 
In the early 1990s, L. D. Hicks and M. S. Dresselhaus published theoretical data aimed 
to explore the fundamental effects of quantum well-structures on thermoelectric 
efficiency [149]. The study proposed that an increased figure of merit, for bulk bismuth 
telluride; a commercially available thermoelectric material, by a factor of 4 could be 
achieved by successfully incorporating into the system 2D materials [145]. Most bulk 
materials have one intrinsically adjustable parameter, typically that can be improved 
via doping, however for low dimension structures, like 2D structures, the thickness of 
the well, potential barrier and the growth direction of the monolayer affect the ZT. In 
these structures, thermal conductivity can be compensated for via forming 
superlattices, this reduces any rapid heat transfer through the material by increasing 
the phonon scattering of the lattice-mismatched interfaces [150].  Hicks and 
Dresselhaus et.al [151]  investigated lead telluride and its layered superlattice 
(PbTe/Pb1-xEuxTe). The superlattice was composed of thin alternating layers of PbTe 
and Pb1-xEuxTe grown via molecular epitaxy. PbTe has a layer width ranging from 17-
55 Å and the Pb1-xEuxTe counterpart is the barrier material with a thickness of 450 Å. 
The PbTe/Pb1-xEuxTe allows for multi-variable modulations, that includes electronic 
structure modulation via tuning the thickness of the material and the distance between 
the layers or even increasing the concentration of Eu in the barrier layer. The data in 
the work shows an increase by a magnitude of five-fold in the efficiency versus the 
bulk values, therefore, supporting the theoretical findings done previously.  




2.8.2.2 Titanium Carbide (TiC) 
 
TiC is a refractory ceramic material that has a faced centred cubic(fcc) structure. It is 
used as high-speed cutting material, abrasion-resistant for coating and because of its 
conductivity properties has been studied for thermoelectricity applications. Lewis et.al 
[152] reported the electrical conductivity of single-crystal TiC. They showed that the 
temperature dependence of the materials’ resistivity decreased significantly at lower 
temperatures, indicating a metallic-like nature of TiC and they attributed this to excess 
titanium metal during the preparation. Robert G.Lye [153] reported the effect of 
electron transportation in TiC using the Mott model on the Seebeck coefficient. The 
author suggested that the conductivity and large Seebeck coefficient of the material 
arises from the predominant transport of electrons in the d-band, where the highest 
conductivity is observed at carbon composition of TiC0.95, -13.85 𝜇𝑉/𝐶𝑜. The 
temperature variations of the Seebeck coefficient with the composition suggested that 
there is a direct relationship between the energies near the Femi level and the 
conductivity integral in the Mott model. This relationship indicates that the mean 
relaxation time of the conduction band electrons in TiC can be determined directly for 
the density of d-state which electrons scatter [153]. Forming structures of 2D material 
nanocomposites such as TiC/transition metal oxides (TMO) have gained traction and 
great interest due to their unique structural and electronic properties that none of the 
individual conventional 2D nanomaterials could have. These enhanced properties 
arise due to alterations of the Fermi energy position, the density of states, and the 
work function of these heterostructures rather than any chemical components [154]. 
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Furthermore, quantum and physical properties that come from the interfacial layer and 
the synergistic effects lead to the generation of new transport properties. 
2.9  RECENT PROGRESS OF THERMOELECTRIC METAL OXIDE 
 
2.9.1 Zinc Oxide (ZnO) 
One of the most studied metal oxides is ZnO. ZnO has a hexagonal structure with a 
wurtzite crystal structure that has conductive characteristics owing to its wide bandgap 
structure [155]. The bonds in ZnO which are mainly covalent,  are shown to have high 
Seebeck coefficients when tuned properly due to their high carrier mobility [156]., 
Labégorre et.al [161]  studied both the thermoelectric properties and structural 
features of the Zn1-xInxO series with ultralow indium content (0 ≤ 𝑥 ≤ 0.02). the authors 
reported that the impact of indium in the ZnO lattice induced the ability to form defects 
that created scattering domains that inverted the polarity at doping concentrations of 
0.25 wt% and more. Both the increase in electrical conductivity and the scattering 
effects were attributed to the formation of parallel boundaries made up of InO6 that is 
embedded in the tetrahedra matrix of ZnO4. The authors reported a strong 
dependence of electrical resistivity (𝜌) on the In-dopant concentration, where resistivity 
reached a minimum of 6 m𝛺 cm at 300 𝐾 for x = 0.0025. At the same time, the value 
of the Seebeck coefficient decreased by more than a factor of 3, from 430 𝜇𝑉 𝐾−1 at 
x = 0 down to 125 𝜇𝑉 𝐾−1 at x = 0.0025 indicating an increase in the negatively charged 
carrier. The relationship between the magnitude of the Seebeck coefficient and 
resistivity with the In-dopant in this work supports the findings reported in Al-ZnO 
compounds [157]. The lattice thermal conductivity decreased by almost a factor of 2 
from the bulk ZnO to 0.02%, resulting in improved performance. This decrease is 
linked to the fact that a multitude of interfaces in polypoid structures favours a strong 
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phonon scattering and this can be observed in the low thermal conductivity measured 
at 5.0 ± 0.6 × 10−10 𝑚2 𝐾 𝑊−1 [158]. The overall efficiency of the ZnO system with 
substituted In-dopant reached ZT of ∼ 0.08 at 900 K for Zn0.98In0.02O, which when 
compared are smaller than those reported for Ga/In co-doped ZnO [159]. Tsubota et 
al [156]  reported the effect of Al doping and showed that a maximum value of 0.3 ZT 
at 1273 K was achieved with 2% Al doping. One of the thermoelectric efficiency 
limitations of Al-ZnO is the formation of the secondary phase ZnOAl2O4. Ohtaki et al. 
reported a ZnO system that is doped with Ga and Al. The results showed that the 
addition of Ga counteracted the formation of the ZnOAl2O4 enabling the preparation of 
near-single phase materials. Nevertheless, Ga2O3(ZnO)m can also form a second 
phase [160]. Thermal conductivity decreased from 13 𝜇𝑊 𝑚−1𝑘−1 to 2.5 𝜇𝑊 𝑚−1𝑘−1 
when Ga is added while the electronic properties remain unchanged. As a result, there 
was a significant improvement in the thermoelectric performance; for 
Zn0.96Al0.02Ga0.02O a maximum ZT of 0.65 was achieved at 1273 K. Furthermore, the 
decrease in thermal heat transfer is mainly driven by the In-rich structural defects that 
enhance phonon scattering. Similar conclusions were drawn by Zhang et al [161], who 
worked on InFeO3(ZnO) system. They reported low thermal conductivity due to the 
presence of stacking faults due to the modulated layer structures. These findings show 
that ZnO could be employed as a potential n-type material for thermoelectric 
generators. 
2.9.1.1 Advantages of ZnO as a Thermoelectric Material. 
 
The diverse use of ZnO is mainly due to its numerous properties, which include a high 
refractive index, binding energy, antibacterial capabilities, flexible lattice and electronic 
structures among others. As a thermoelectric material, ZnO exhibits an intrinsically 
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high electrical conductivity and Seebeck coefficient. The molecular bond between Zn2+ 
and O2- is completely ionic making it easy to tune its electronic structure via 
nanostructuring methods like doping. Though it has advantages such as low cost, 
abundance, low toxicity and large power factor, its high thermal conductivity 
compromises its stance as a commercially viable and efficient material compared to 
its counterpart such as Bi2Te3, PbTe with a high figure of merit. Therefore, reducing 
the thermal conductivity while maintaining high electronic properties can significantly 
increase the figure of merit of ZnO.     
 
2.9.1.2 Modification of ZnO via Nanostructuring. 
 
To increase the thermoelectric performance of ZnO, the electronic structure needs to 
be enhanced and one way to do this is by introducing a dopant into the lattice structure. 
Doping transition metal oxides (TMO) such as ZnO has become popular in material 
science due to their high effectiveness in achieving the desired output and the vast 
amount of methods in which doped-transition metal oxides can be synthesized [163]. 
Guilmeau et.al [164] studied the effect of incorporating Ga into a ZnO system and 
reported on the thermal conductivity. They reported a decrease in Seebeck coefficient 
from 475 to 60 𝜇𝑉/𝐾 at Ga concentrations of 0 %wt to 0.005 %wt respectively. At 
higher Ga additions (x > 0.01), electrical resistivity is likely to increase due to the 
formation of interface defects. The thermal conductivity study also showed a sharp 
drop with increasing Ga content, similar to what Gautam et.al [165] found with Al 
dopant. The thermal conductivity decreases from 33 𝑊/𝑚𝐾 at x = 0 %wt to 8 𝑊/𝑚𝐾 
at 0.04 %wt. Therefore, successfully implementing dopants in the crystal structure has 
a significant effect on the overall thermoelectric performance. 
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2.10 THEORETICAL STUDY (Software and Methods) 
 
Theoretical (computational) Chemistry involves modelling and simulating chemical 
structures, reactions, calculating physical, chemical properties and suitable conditions 
for complex chemical systems [166, 167]. Material Studio is a simulation and modelling 
software package used to build, predict and understand the behaviour of atoms in a 
material [168]. The software also offers quantum mechanics (QM) [167], molecular 
mechanics (MM) [171] and semi-empirical methods for dynamic system analysis. 
Quantum mechanical properties such as thermodynamics and kinetics can be 
calculated theoretically; the results can then be compared with the existing 
experimental data for better insight into processes at both molecular and atomic scale. 
It is highly useful in material science, in various applications like sensing [169] and 
catalysis [170]. Material Studio quantum and catalysis tools are known to predict 
crystal and molecular geometry, reaction pathways, optical, structural properties and 
spectroscopic data with precision and accuracy [171]. Some examples of software and 
methods used in Material Studio modelling include the Cambridge sequential total 
energy package (CASTEP), quantum espresso, density functional theory (DFT) and 
molecular dynamic (MD) methods.  
2.10.1 Cambridge Sequential Total Energy Package (CASTEP). 
 
CASTEP module uses first-principle quantum calculations and operates under DFT to 
simulate properties of solids [172], interfaces and surfaces of materials such as 
ceramics metals and semiconductors [173]. With the use of fundamental quantum 
mechanical calculations, researchers can investigate the nature of properties such as 
electronic, optical and understand the underlying structural properties that determine 
a materials’ chemical or physical behaviour without the need for any experimental 
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input [174]. CASTEP uses the plane wave (PW) pseudopotential approach in solving 
the mathematical model of materials, where the core electrons are treated as effective 
potentials that act on the valence electrons in the system [175]. Electronic 
wavefunctions can be further extended via the plane-wave basis set and exchange-
correlation effect, this is included in the Local density or generalised gradient 
approximation method [173, 176, 177]. For optimisation of the structures, surface or 
interfaces the combination of both the plane-wave basis sets and pseudopotentials 
emerge to be very effective. The computational chemistry calculations methods are 
based on classical mechanics and quantum mechanics [178, 179]. These methods 
include, 
 Molecular Mechanics  
 Quantum Mechanical and 
 Density Functional Theory 
2.10.2 Density Functional Theory (DFT)  
 
Density Functional Theory (DFT) is a quantum mechanical tool that relies on the 
electron density 𝒏(𝒓) as the central component contrary to the wave function. The 
energy 𝑬[𝒏(𝒓)] of the molecule is a function of the electron density, which is also a 
function of the position of the electrons. Due to the reduced dimensionality of the 
electron density over wave function, DFT methods have been the most extensively 
used for the study of electronic structure methods. Theoretical tools for the InP3 system 
in chapter 5 is a modelling approach based on quantum mechanics to address the 
many-electron systems and electron-electron interaction problems. The DFT method 
is based on the theorems of Hohenberg–Kohn and Kohn–Sham [180]. 





2.10.3 Molecular Dynamics (MD) 
 
The ab initio molecular dynamics (AIMD) is a methodology in first-principle 
calculations, that has an important role in modern theoretical research where fixed 
temperature trajectories are calculated using the forces obtained from the electronic 
structure [181-183]. MD is a methodology used to investigate the time-dependent 
behaviour of atoms and molecules based on Newton’s laws of motion. In materials 
science, information that can be obtained using this method includes thermodynamic 
stability, structural rigidity, amongst others. Although MD has limitations such as time 
constraints and computing complexity, it has the advantages of reasonable thermal 
stability results calculated based on the fundamental equations of motion. For 
thermoelectric materials, the MD approach has been used for thermal stability 
calculations. This method allows the chemical systems, of condensed phases, to be 
evaluated in a detailed manner [184]. Furthermore, it makes it possible to compute, at 
finite temperatures, both thermodynamic and dynamical properties of the system 
studied [185]. AIMD is used extensively as a theoretical approach for understanding 
chemical processes and system dynamics, in which Newtonian mechanics form the 
bases of the computed calculations by solving the equations of motion numerically 
from a specified starting state given conditions appropriate to the system problem 
[186, 187].  
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2.10.4 QUANTUM ESPRESSO Suite 
The Quantum Espresso (QE) [188,189] is a free open-source software suite, 
distributed to provide an integration of computer codes for electronic calculations that 
are based on DFT, plane-wave basis sets and pseudopotentials (PP) under the GNU 
General Public License (GNUL). It is used to predict electron-ion interactions for 
materials modelling [190,191]. QE suite makes it possible to use different methods 
and protocols that have the base objective of calculating realistic simulations of 
materials, both in the nanoscale and bulk state [192]. The solutions to these modelled 
systems are based on DFT calculations [195, 196], using PW basis sets and 
pseudopotentials. The codes were built based on the periodic boundary conditions, 
that allows the treatment of crystalline systems such as amorphous materials to be 
more direct and effective. For finite systems, supercells are used and if required, open-
boundary conditions are used through the density counter charge method [197]. Thus, 
QE proves to be effective in crystal structures or supercells, metals and insulators. 
The nuclei or core atomic configuration can be described by separable 
pseudopotentials (norm-conserving, ultrasoft or by projector-augmented wave (PAW) 
sets) [198, 199].  
The basic computations that can be performed using QE include: 
 
 Atomic/molecular orbital and their ground-state energies using the Kohn-Sham 
theory for periodically defined systems [200]. 
 First principle molecular dynamic (MD) calculations using Hellmann-Feynman 
or Car-Parrinello Lagrangian theorems on the Born-Oppenheimer 
approximation [201]. 
 The calculation of the 2nd and 3rd derivatives of the perturbation theory and the 
total energy at any arbitrary wavelength. This approach of calculation for the 
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density-functional perturbation theory (DFPT) will provide electron-phonon, 
phonon-phonon, interactions, and static functions [202, 203].  




2.10.3.1 Quantum espresso packages 
I. PWscf 
 
Plane-Wave Self-Consistent Field (PWscf uses the iterative approach to ensure 
consistency. With every iteration step, a diagonalization technique found in the plane-
wave pseudopotential, described by Col et.al [205] is used. PWscf can treat properties 
such as noncollinear magnetism [206] and spin-polarization [207], and implement both 
LDA and GGA exchange-correlation functionals which can be used in PWscf. All self-
consistency calculations can be done by the methods suggested by Broyden et al 
[208]. For more accuracy, the sampling points can be obtained by providing k-points 
in the input file or automatically calculate them from the grid [209].  
When sampling only around the Γ point (k= 0), the advantage of the KS orbital become, 
evident and allow the user to store half of the Fourier component. Brillion zone (BZ) 
integrations in semiconductor systems can be performed using techniques, such as 
Fermi– Dirac, Gaussian, Methfessel–Paxton [210]. 
II. Phonon 
 
This package implements DFPT and calculates the derivatives of the energy with 
respect to atomic displacement on the induced external field. Advanced features of 
the package include the Phonon calculation of third-order energy derivatives and 
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electron-phonon or phonon–phonon interaction coefficients. For systems where the 
Brillion zone sampling is required in the global minimization method, described by 
Umari et al. [211, 212] and Gonze et al [216] being used for normal modes. The SC 
procedure can be used to calculate the perturbation response with the distinct 
advantage that the arbitrary wavelength can be calculated at a significantly lower 
computational cost, in the same order of using the unperturbed system. This means 
that the responsibility for any wavevector can be obtained for even longer 
wavelengths. The approach to calculating, effectively, the perturbation responses is 
described in [213-214] and implemented in the QE phonon code. 
III. Wannier90 
 
This package code makes it possible to calculate the localized Wannier90 functions 
of semiconductors, metals and insulators [215]. This is illustrated in the algorithms 
described in [204] and properties that can be expressed on a Wannier90 basis. Plane-
wave self-consistent force codes are used as engines to produce data on which 
Wannier90 operates. Wannier90 requires inputting the scalar products between the 
periodic parts of wavefunctions at neighbouring k-points, where this latter form uniform 
meshes in the Brillouin zone. Providing scalar-products between wavefunctions and 
trial proves to be convenient in localized real-space orbital calculations. It is important 
to note that the code is not tied to a representation of the wavefunctions on any 
particular basis, for PWscf and CP a post-processing utility is in charge of calculating 
these scalar products using the plane-wave basis set of QUANTUM ESPRESSO and 
either non-conserving PPs or ultrasoft PPs. Whenever (k = 0) Γ sampling is applied to 
the structure and algorithm described by Silvestrelli et.al [204] is adopted. Besides 
calculating maximally localized Wannier90 functions, the code can construct the 
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Hamiltonian matrix on this localized basis providing a chemically accurate, 
transferable, and tight-binding representation of the electronic structure [216-218]. 
2.11 CURRENT STUDY 
 
The critical mechanism in semiconductor thermoelectricity is the reduction of thermal 
conductivity and improved charge transport properties. There are two basic 
approaches to achieve enhanced semiconductor thermoelectric efficiency.  The first 
approach is to decrease the average distance travelled by the phonons in the crystal 
structure, effectively via nanostructuring. Considering the great potential of 
semiconductor-based complex oxides, a systematic study on these materials, 
especially as potential thermoelectric materials, is necessary to find the fundamental 
principles for the design of high–performance and commercially available 
thermoelectric material. 
This study, through experimental and theoretical calculations, will explore diverse 2D 
materials such as TiC as a modifier in the lattice structure of ZnO and investigate the 
potential use of InP3 as a thermoelectric material. The crystal structure, the electronic 
structure and the structure–performance relationship of semiconductors will be first 
discussed using DFT investigation. Electronic structure, stability and optical property 
calculations by the DFT method are essential in revealing the interactions of the 
materials as they are capable of accurately predicting the lowest−energy geometries, 
as well as identifying transport properties. This work intends to investigate the 
thermoelectric properties of TiC reinforced zinc oxides and provide scientists with an 
in-depth understanding of the mechanism (lattice distortion characteristics,  
quantum-well structures and confined electron volume), underlying the increased 
efficiency. 
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EXPERIMENTAL AND COMPUTATIONAL METHODOLOGY 
 
3.1 INTRODUCTION 
This chapter consists of two sections: experimental and computational methods. It 
gives an overview of the apparatus, reagents, experimental setup and computational 
procedures used to achieve the objectives of this study. It also gives detailed 
information on the various methods, characterization techniques and quantum 
mechanical software models used. Classical methods, most of which are bottom-up 
approach methods, have been used for both quantitative and qualitative analysis 
because of their ability to yield quality and testable results. The methods employed in 
the synthesis of the materials in this study include hydrothermal, sol-gel, co-
precipitation, and microwave irradiation. These classical methods, instrumental 
analysis and computational simulations have been effectively combined to achieve the 











3.2 REAGENTS AND SOLVENTS 
The reagents and chemicals used in this study Table 3.1 were of analytical purity and 
did not need any further purification.  
Table 3.1: List of reagents used. 
Chemical Name Manufacturer (Company) 
Aluminium chloride (AlCl₃) 






Zeta Chemical Company 
Ethanol (C2H5OH) 
Methanol (CH3OH) 
Nitric acid (HNO3) 
Sulfuric Acid (H2SO4) 
Ethylene glycol (C2H6O2) 








3.3 EXPERIMENTAL METHODOLOGY 
3.3.1 Synthesis of the Nanomaterials 
3.3.1.1 Hydrothermal Method 
The hydrothermal method is a process for crystallizing materials from solutions by 
carefully controlling the thermodynamic variables (temperature, concentration and 
pressure) [1, 2]. A typical hydrothermal procedure involves dissolving the reactant 
precursors in an airtight reactor (autoclave) under pressure. The reactor is then 
subjected to heating for a specific length of time.  The reaction conditions such as 
reaction time, pH, chelating agent, and solvent are set based on the desired results of 
the final material. Generally, both organics and water can be used as solvents. When 
organic solvents are used, the process is referred to as solvothermal, and 
hydrothermal when the solvent is water [4]. The technique used to precipitate an 
already crystallized powder directly from the solution regulates the rate and uniformity 
of nucleation and growth. This allows the size and morphology to be controlled which 
can lead to a significant reduction of aggregate levels which is difficult to achieve with 
other processes [6, 7]. A major advantage of the hydrothermal method is its ability to 
be integrated with other methods to either make new materials or enhance the reaction 
kinetics of the chemical system [8, 9].  
Some of these hybridized systems involve hydrothermal treatment coupled with 
mechano-chemical, microwave, optical radiation and many other processes [10]. 
Therefore, the hydrothermal method becomes ideal in synthesizing crystalline 
materials. Combined hydrothermal and co-precipitation methods have been used in 
the synthesis of the Al-doped ZnO nanoparticles in this study. More details of this 
synthetic procedure are discussed in CHAPTER 4, section 4.2.1. 




3.3.1.2 Co-precipitation Method 
The co-precipitation method is a fairly simple method that is driven by reaction kinetics 
and solubility [12]. It involves the single most important step of simultaneously 
precipitating the different materials in the solution to yield the products. The 
effectiveness of the co-precipitation method depends on the desired goal and 
parameters like concentration, pH, solvent and precipitating agent to help alter the 
system to produce the end product [13]. In principle, co-precipitation follows several 
basic steps.  The first step involves the growth of the nuclei. This step is a multi-step 
process and involves, 1) the generation of the growth species, 2) diffusion of the grown 
species to the growth surface, followed by absorption on the surface and 3) surface 
growth by irreversible incorporation of the species onto the surface.  The second step 
involves precipitation, where a precipitation agent is added to the mixture which settles 
at bottom of the flask to form precipitates.  In the third step, the precipitate is filtered 
using a suitable solvent, to remove any impurities on the surface of the product. In the 
final step, calcination, a temperature-dependent process takes place where the 
remaining volatile by-products evaporate and organic constituents decompose [14, 
15]. In the present work, the Al-ZnO particles were synthesized using combined co-
precipitation and hydrothermal methods, see CHAPTER 4 section 4.2.1.  
3.3.1.3 Microwave Method 
Microwave methods involve the repaid heating of materials using microwave 
electromagnetic radiation. Microwave heating in modern reactors allows for increasing 
yields while significantly reducing reaction times down to a few minutes only. In most 
cases where microwave heating is involved, at least one of the reactants is found to 
couple well to microwaves and to heat up rapidly. Several oxides (e.g., V2O5, WO3, 




CuO, and MnO2, a few halides (AgI and CuI), and several metal powders (e.g., Cu, Ti, 
Fe, and Co)) are found to be good microwave susceptors and are heated up to  
1000 K or more when irradiated. Microwave methods provide advantages such as 
helping to minimize wall effect since the vessel wall is not directly heated, provides a 
more energy-efficient way of heating and allows faster heating of a reaction mixture, 
fewer by-products, higher yields and simplified work-up. The microwave method was 
adopted in the synthesis of titanium carbide (TiC) in this research. The TiC was 
prepared by dissolving TiO2, as the source of titanium, and carbon black in distilled 
water. CHAPTER 4 section 4.2.2 contains the detailed procedure for the synthesis of 
TiC through the microwave method [16].  
3.3.1.4 Mechanical Alloying Method 
Mechanical alloying (MA), is a solid-state, non-equilibrium technique used to produce 
metallic composites and ceramic powders [17]. It involves the milling, cold welding and 
fracturing of powder mixtures in a milling chamber subjected to high energy milling 
balls, carried out in an inert atmosphere [18]. The MA process can only be achieved 
when the rate of welding balances that of fracturing and the size of the particles 
remains relatively coarse. The two most important steps involved in mechanical 
alloying are the repeated welding and fracturing of the powder mixture. Mechanical 
alloying has an advantage over conventional methods because of the ability to 
synthesize novel alloys, from immiscible elements that are otherwise not possible with 
techniques like the rapid solidification process (RSP) [19, 20]. Since mechanical 
alloying is a solid-state process, it provides a means to overcome the drawback of the 
formation of new alloys using a starting mixture of low and high melting temperature 
elements [21-23]. Although in general, the raw materials used in mechanical alloying 




should include at least one fairly ductile metal to act as a binder to hold together the 
other ingredients, a lot of studies have confirmed that brittle metals can also be 
mechanically alloyed to form a solid solution, intermetallic [24] and amorphous alloys 
as well. Mechanical alloying was used to synthesize the TiC modified aluminium-
doped ZnO nanocomposite (Al-ZnO@TiC) in this study through extensive milling. 
More details of this method are presented in CHAPTER 4, section 4.2.3.  
3.3.2 Characterization Techniques 
For structural and morphological studies of the as-prepared materials and composites 
the following techniques were used: 
 
3.3.2.1 X-Ray Diffraction Spectroscopy (XRD) 
To understand the effect of structural modulation on the performance of thermoelectric 
materials for overall efficiency, there is a need to study the crystallinity, phase 
composition, crystallite size and overall particle dispersion. These structural 
dependent parameters can be investigated using X-ray diffraction (XRD) equipped 
with Ni-filtered, copper source and a GF radiation detector. This technique involves 
the generation of x-rays by the bombardment of a metal target with high-speed 
electrons resulting in a spectral continuum that can be analyzed [26]. The principle on 
which XRD operates follows Bragg’s law (Figure 3.1) which states that when x-ray 
radiation strikes a crystal at an angel θ, some of these x-rays are scattered by the 
atoms in the crystal [27].  





Figure 3.1: X-ray diffraction mechanics in crystal material. 
 
In the schematic above, the distance (d) and angle (θ) between the respective lattices 
can be calculated using the Bragg’s relation, with the particle size obtained from the 
Debye-Scherrer equation,   






where D is the crystallite size, k is the shape factor constant, λ is the De Broglie 
wavelength associated with the x-ray radiation and β is integral on the XRD peaks. 
The determination of phase composition, crystallite size and structure of the prepared 
Al/ZnO and Al/ZnO@TiC materials in this study, was carried out with X-ray diffraction 
(XRD) equipped with Ni-filtered, Cu Kα (0.154 nm) and a GF radiation detector. The 
obtained data were measured in the range of 2θ = 10o - 80o.  Both the data analysis 











3.3.2.2 Scanning Electron Microscopy (SEM) 
Topographical, morphological and compositional information is critical, more 
especially for nanocomposites. SEM is a microscopic technique that uses an intensely 
focused electron beam to scan the surface of the samples to be analysed. It uses a 
similar principle as the light microscope except it focuses on energetic electrons rather 
than photons [27]. Scanning electron microscopes have 3 basic compartments, 
described in Table 3.2 below. 
Table 3.2: SEM source components and detectors [28]. 
 
Compartments 















The X-ray radiation comes from a tungsten filament or field emission gun, the choice 
between the two depends on the nature of the study and analysis. The produced 
electrons accelerate through a high electric field then pass a series of apertures and 
electromagnetic lenses generating a thin beam of electrons. The lenses are made of 
tubes wrapped in a coil called a solenoid. A controlled computer system operator can 
adjust the beam for magnification and determine the surface area to be scanned. 




Samples are placed on a platform for analysis. However, most samples require 
pretreatment before being placed in the vacuum chamber and this involves carbon 
sputter coating for non-conductive samples or dehydration for biological specimens 
[29]. 
(a) Electron Beam 
When the incident electrons interact with the sample, energetic electrons are released 
from the surface of the sample. The scattering patterns made by the interaction yields 
information on the size, shape, morphology and composition of the sample [30]. 
(b) Detector 
A variety of detectors are used to measure different types of scattered rays, including 
secondary and backscattered electrons as well as x-rays. Backscatter electrons are 
incidental electrons reflected backwards; SEM images provide composition 
information related to element and compound detection. Although topographic data 
can be obtained using a backscatter detector, it is not accurate. Diffracted backscatter 
electrons determine crystalline structures as well as the orientation of minerals  [31]. 
The morphological studies and elemental analysis of the materials synthesized in this 
study were carried out using a scanning electron microscope (TE SCAN-VEGA3) and 
SEM detector with a built-in energy dispersive x-ray analyzer (EDX). 
3.3.2.3 Transmission Electron Microscopy (TEM) 
Parallel with XRD, transmission electron microscopy has become one of the most 
sought out and relied on technique for morphology and structural properties. Such 
properties include crystallinity, dislocations, boundaries of nanomaterials [32, 33] and 




morphological properties like shape and size. TEM is very useful in material science, 
particularly with semiconductors, for studying the growth layers of 2D material 
composition and defects. In principle, TEM operates similarly to a light microscope. A 
beam of electrons acting as a light source is emitted from an electron gun that is 
located at the top of the chamber and focuses on the sample via a condenser lens 
(Figure 3.2) [34]. For imaging, a beam of electrons strikes the specimen, and parts of 
it are transmitted according to the thickness and transparency of the specimen.  A few 
apertures are used for enhanced contrasting and resolution, then the image is passed 
down the column through the intermediate and projector lenses, leading to its 
enlargement [35]. The particle size dispersion and shape of the nanomaterials 
synthesized in this research were studied using a transmission electron microscope 
(HR-TEM, JOEL JEM-1400). 
 
























3.3.2.4 Thermogravimetric Analysis (TGA) 
To ensure that all the materials can withstand and perform efficiently at high 
temperatures, thermal analysis measurements are essential. These include TGA, 
DTG and DSC analysis [36]. All the TGA measurements in this study were performed 
on an SDT 2960 simultaneous thermal analyser at the following conditions: under the 
dynamic atmosphere of nitrogen and oxygen (flow rate of 20 ml/min) across a 
temperature range of 30 – 700oC. To minimize variations in thermal response, 
constant masses ranging from 0.5 mg to 1.2 mg were used.  
 
3.3.2.5 Ultra-Violet and Visible Spectroscopy (UV/Vis) 
UV-Vis spectrophotometer is one of the most common techniques used in 
laboratories. It is used for the detection of various analytes that includes transition 
metal ions, conjugated organic compounds, and biological macromolecules. The 
instrument contains quartz cuvettes that are designed to allow the light to pass at a 
right angle to the surface depending on sample wavelength regions [37]. In this study, 
the absorbance of the samples was determined by using a UV-2450 
spectrophotometer operating at a wavelength region between 200-1000 nm using a  
1 cm quartz cuvette. 
3.3.3 Thermoelectric Applications 
3.3.3.1 Thermal Conductivity 
For thermal conductivity measurements, a TCi C-Therm thermal conductivity analyzer 
was used. C-Therm is suitable for powder, solid and liquid samples, and operates in 




an enclosed environment. TCi employs a one-sided heat reflectance sensor that has 
a heating element with the supported insulator backing and protected by a guard ring, 
see Figure 3.3. A current is applied to a sensor heating the element to produce a small 
amount of heat, the heating element supports a one-dimensional heat transfer from 
the coil to the sample. A temperature gradient arises from the applied current at the 
interface between the sensor and sample, which results in a voltage drop of the 
sensor. The thermal conductivity is inversely proportional to the rate of increase of 
temperature. The rate of increase in the sensor voltage is used to determine the 
thermal properties of the sample. The voltage is used as a proxy for temperature and 
will rise more steeply in lower thermal conductivity materials [38]. 
 
Figure 3.3: Thermal conductivity measurements using the TCi C-Therm. 
 
3.3.3.2 Seebeck Coefficient 
 
In this work, Seebeck coefficient measurements were undertaken using the design 
suggested by Seop Yoon et al. [39] with a few changes. A diagram of the instrument 














two symmetrical parts each containing a boron nitride (BN) ceramic plate, copper base 
and a heating plate which is clamped together. The thin-bar sample holder is 
suspended between two copper bases, separated by a gap of about 4 mm. The two 
BN plates act as electrical insulators, they are inserted and clamped between the 
samples and copper base and one BN plate is connected to a heating plate via a 
ceramic paste to heat one end of the sample. 
Two K-type thermocouples with 0.25 mm diameters were used to measure the 
temperature on either point of the sample. The thermocouple junction is flattened into 
a small disk with a diameter of approximately 1 mm and a thickness of approximately 
0.3 mm. The disk-shaped junction is pressed onto the sample by an Inconel spring. 
To ensure electrical insulation between the spring and the thermocouple, a small 
zirconia plate is attached to the end of the spring by using ceramic paste. The zirconia 
plate is directly in contact with the thermocouple junction. The horizontal copper beam 
is slid along the rod vertically and its vertical position can be adjusted by using two 
nuts on the top. This setup was used to obtain the Seebeck coefficient data of the 
materials synthesized in this research.  








































The two ends of the thermoelectric sample were held at a temperature gradient (∆T) 
by two ceramic plates. The sample was pressed to fit in a sample holder with 
dimensions 12 x 8 mm. One of the ceramic plates was heated up slowly above room 
temperature to about 1000K and a thermocouple was used to monitor the temperature 
and provided input to a set temperature point. As ∆T increased, a thermoelectric 
voltage was created across the sample as the carriers diffused from the high-
temperature end to the low-temperature end. The samples were left to equilibrate at a 
high temperature. As the sample cooled down, constantly monitoring of the 
temperature and the thermoelectric voltage during the cooling-down phase was 
maintained. When the sample re-equilibrated at room temperature another ceramic 
heater was switched on and the same procedure was repeated. The temperature 
difference (∆T), and temperature voltage (∆U) versus time were measured based on 
the expression below:  






An output of the average Seebeck coefficient of a sample over a 1000 K temperature 
range was obtained. 
 
 







3.4 COMPUTATIONAL METHODOLOGY 
To theoretically obtain the optical, electronic and thermoelectric properties of the 
material, all the first principle (DFT-based) calculations were carried out using a plane-
wave basis set as implemented in the Quantum Express (QE) codes [40]. To account 
for the correlation offsets, within the generalized gradient approximation (GGA), the 
PBE functional developed by Perdew-Burke-Ernzerhof was applied as the exchange-
correlation [16]. The plane-wave was set at a kinetic energy cut-off (ecutwfc) of 36 Ry, 
with an energy convergence threshold of 1.0 E-8 Ry in a primitive cell k-mesh of  
(4 × 4 × 4). Ecutwfc and degauss values are optimized for each system. All structures 
were relaxed and optimised through gradient algorithms with a residual force of  
0.01 eV Å-1. The convergence energy of 1x10-6 eV was used for the self-consistent 
loop and ion residual force set at 1x10-2 eV Å-1. A vacuum, perpendicular to the plane 
of the monolayer, of 20 Å was built to minimize the interlayer interactions that might 
occur. To obtain the electronic structures, PW and exchange hybrid density functional 
of Heyd–Scuseria–Ernzerhof (HSE06) were used. All calculations were computed on 
the LENGAU high performance computing cluster, located at the Centre for High 
Performance (CHPC) in Cape Town. The cluster is a petascale system operating with 













3.4.1 Test of Convergence 
A perfect convergence test is achieved when the calculated results are closely 
matched with the true mathematical solution of the system [41]. These mathematical 
solutions take two parameters, the plane-wave cut-off energy and the k-points sets 
them as functions of the total energy to find the lowest base of convergence. All these 
are calculated using density functional theory [42]. 
3.4.1.1 Cut-off Energy Convergence 
 
The total energy variable is not comprised entirely of kinetic energy. This leads to the 
evaluation of the Kohn-Sham equation over the summation of Gibbs energy values at 
random points in the k-space [43]. This approach of adding the infinite G values gives 
a mathematical framework similar to the Schrödinger equation. It takes the following 
form:  







 |𝒌 + 𝑮𝒄 |
𝟐       3.3 
Therefore, high energies require a large sum of 𝒌 + 𝑮𝒄, and this growth is exponential 
making lower solutions more effective and significant.  
3.4.1.2 k-point Convergence 
 
The primitive cell boundaries in reciprocal space are referred to as Brillouin zones (k-
points) and they play a vital role in describing the system effectively, by ensuring that 
a well-off balance between the accuracy of the system and computational efficiency is 
maintained [44]. Different material systems were sampled at different Brillouin zones, 
choosing sampling k-points depending on the desired output, nature of the study and 
the material being investigated. 
3.4.2 Electronic Band Structure 
Band structures are wavefunctions described by two components, the Bloch function 
and a periodic wavefunction, both these functions are symmetrical across space 
groups. Solving these functions helps in understanding the electronic properties of a 
certain material and to some extent the density of states and electron transport [45]. 
The Bloch theorem (eqn 3.4) is used to find the overall wave function. 
𝝍𝒌(𝒓) =  𝑨 𝝍𝒌(𝒓) 𝒆
𝒊𝒌𝒓 . 𝑼𝒌(𝒓)  3.4 
The two terms  𝒆𝒊𝒌𝒓 and 𝑼𝒌(𝒓), represent a plane-wave and periodic functions, 
respectively. Each solution of the wave function is calculated in a range of wave vector 
k then normalised to a constant A. Solving the Schrödinger equation from the 𝝍𝒌(𝒓) 
useful information for calculating the bandgap, mapping the electron mobility obtained. 




In a perfect crystal, each band is expected to follow a parabolic model therefore, the 
likelihood of finding an electron along a band varies with energy and is inversely 
proportional to the electron's effective mass. This probability maximizes at the centre 
of the band and approaches zero toward the boundaries [46].  
3.4.3 Effective Mass Charge 
This is one of the parameters that can be obtained by solving the wavefunction of a 
system, effective mass charge calculations are significant in explaining how electrons 
move across the vector space and the energy associated with displacement. The 
expression below shows the relation between the rate at which electrons move in a 
band and their effective mass. For charge carriers to move between the lowest 
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO), 
electrons need to have a large effective mass hence, the effective mass of the charge 









Therefore, plugging the equation in resistivity calculations yields an inverse function 
equal to electrical conductivity. High electrical conductivity is significant for increasing 
the overall efficiency of thermoelectric materials. 
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Thermoelectric, Electronic and Optical Response of Nanostructured Al-doped 
ZnO @ 2D-TiC Composite 
4.1 INTRODUCTION 
The development of thermoelectric materials has caught mainstream science 
attention. With the ever-growing rate of carbon dioxide emissions, driven by fossil fuels 
that result in a negative impact on the global temperature, the urgency for the reduction 
of these greenhouse gases and others has become the sole priority for a sustainable 
future. The development of newer materials for energy generation, including, 
thermoelectric materials amongst others, is paving the way in material science [1-3]. 
Studies on half-Heusler metals [4], dichalcogenides [5], and skutterudites [6-8] have 
shown promising thermoelectric (TE) properties that these materials possess [9, 10]. 
Thermoelectric modules convert heat energy to electrical energy and the conversion 
efficiency of these systems is given by the inverse relationship between the power 
factor (PF = S2σ) and thermal conductivity (λ) [11, 12] as illustrated in CHAPTER 1 
section 1.1. To improve the performance of TE materials, research studies show that 
both structural engineering and charge mobility modifications are vital [13]. Therefore, 
enhanced charge transport and low heat transfer between successive scattering points 
can lead to increased efficiency [14, 15]. Some thermoelectric materials such as metal 
dichalcogenides and silicides have limited practical use because of ineffective 
operations at room temperature, low thermal resistance and they are expensive to 
synthesize [16]. These technical and economic constraints make these materials less 




suitable for generating both electricity from waste heat and energy storage applications 
[17]. Hence, these limitations have probed new studies to investigate and develop 
newer thermoelectric materials such as metal oxide derivatives (e.g reinforced ZnO), 
to increase their thermoelectric performance. ZnO has been one of the most studied 
ceramics with a range of applications that span from both optical, electrical and dilute 
magnetic semiconducting (DMS) properties as reported by Tiwari et.al on Cu/Ni-ZnO 
systems [18, 19].  
Zinc oxide has an electronic bandgap of (3.1-3.35 e V) [20, 21], it contains oxygen 
vacancies, defects and Zn interstitial that can be substituted by other metals such as 
aluminium. Because of its effective and easily tuneable bandgap, environmental 
friendliness, high thermal stability, and high durability at high temperatures [22-23], 
ZnO is a promising thermoelectric material. However, most metal oxides are 
susceptible to low charge mobility due to the electron localization that arises from the 
ionic character, this affects their transport properties and results in lower thermoelectric 
output [24]. High charge carrier mobility is essential for improved electrical conductivity 
and Seebeck coefficient, ideally, structural engineering via doping with electron donors 
and forming superlattice proved to be effective in increasing the electrical conductivity 
resulting in a higher value of ZT [25]. Both Kennedy et al. [26] and Gautan et al. [27] 
reported that ZnO aluminium doped systems showed a significant increase in electrical 
conductivity due to high electron density from the dopant. The authors reported charge 
mobility of 10.1 cm2/Vs for 2% Al-ZnO films which correspond to 598 (Ωcm)-1 electrical 
conduction. While MC Jun et al. [28] studied how different dopants (gallium and 
aluminium) can affect the electrical and optical properties of the ZnO system. Both 
dopants showed enhancement abilities, however, Ga-ZnO showed a much higher 
resistivity of 3.3 × 103 Ω/cm. Al dopant showed a significant decrease in 




microstructural strain over a 0-2.5 mol% doping concentration range. Since the 
Seebeck coefficient increases exponentially to the charge carrier concentration [29], a 
more conventional approach to achieving enhanced thermoelectric efficiency is to 
manipulate the thermal conductivity, mainly by focusing on the lattice distribution (λL) 
which is independent of the electronic structure.  This could be accomplished by 
placing nanoprecipitates in the ZnO system, creating grain boundaries and presenting 
the resonant effect to scatter phonons and increase the thermopower and diminish the 
thermal conductivity. Electrical conductivity and thermopower behave differently in 
opposite directions when the material is doped hence, transport property values must 
be achieved as stated in the standard charge-transport theory. However, some 
observations have been made with a simultaneous increase in both quantities or a 
substantial increase in one quantity, while the other remains unchanged, such as in 
vanadium doped sodium [30].  
For example, doped polycrystalline Ca3Co2O6 showed increased carrier mobility, 
improved microstructure and carrier density [31], and this was achieved through a 
modified carrier scattering mechanism [32]. Improved transport properties were also 
observed through electron filtering in ErAs/InGaAs [33], in nanostructured PbTe with 
Pb [32], in gold-doped Ge-Sb film with increased grain size, and in mixed oxides, such 
as (In2O3-SnO2/In2O3-ZnO), with the changes being linear with temperature [34] and 
carrier concentrations [35]. More work has been conducted on the effect of low 
dimensional materials, their chemical and physical properties on thermoelectrical 
performance [36-37]. Low order materials, such as graphene and TiC are known for:  
(1) increased density of states resulting in increased thermopower.  
(2) improved charge mobility.  




(3) increased multiple valleys in the electronic structure, and  
(4) decreased thermal conductivity via boundary scatterings on the surface of 
the material [38, 39].  
Since lattice thermal conductivity is independent of the electronic structure, forming 
superlattice structures using 2D materials can decrease the thermal conductivity more 
effectively than 2D systems [40, 41]. Subsequently, decreased thermal conductivity 
will result in an increased figure of merit due to phonon scattering mechanics and point 
defects that form between layers. These scattering processes decrease the thermal 
conductivity effectively via the reduction of the mean free path (the distance phonons 
travel between successive collisions). Both ZnO and SrTiO systems show an 
increased figure of merit due to drastic reductions in thermal conductivity [42].  
Some approaches to increasing the energy conversion of thermoelectric materials 
include distorting the electronic structure introducing quantum well structures and 
synthesizing organic/inorganic hybrid materials. Several ZnO metal-doped composites 
have been studied, e.g Ga-doped ZnO [43], to investigate the effect of dopant on 
thermoelectric properties. Al3+ is one of the popular dopants in metal oxide systems 
because of its ability to effectively replace M2+ ions (where M is a metal atom) with Al3+ 
ions. Thang et al. [44], composed a theoretical study of group 3 metal dopants on ZnO 
bilayer. They reported excessive delocalized electron density for the Al-ZnO system in 
the conduction band, which is important for the transport properties in thermoelectric 
applications. In this section we investigate the thermoelectric properties of un-doped 
ZnO, Al3+ doped ZnO as well as report the effect of TiC as a layer on Al-ZnO 
nanocomposite at temperature ranges (323K-1000 K) on the transport properties. We 
also report the effect of Al concentration on the morphology, shape and size of the 




materials. From the obtained data we discuss how the incorporation of Al3+ and TiC in 
the ZnO system affected the overall TE performance, as reflected by the low thermal 
conductivity of 7.2 W cm-1 K-1 at 393 K.  
4.2  EXPERIMENTAL DETAILS 
4.2.1 Synthesis of Al-ZnO particles  
For the synthesis of Al-ZnO with AlCl3 as the Al3+ source, a simple hydrothermal 
method was followed. 10g of zinc acetate dihydrate (see Table 3.1) was slowly added 
to 80 mL of methanol and the mixture was stirred for 1 hour till the solution became 
homogeneous.  An amount of AlCl3 corresponding to x% Al (x = 0.3, 0.5. 1, and 2) was 
dissolved in 20 mL methanol, stirred, and added to the zinc solution. This mixture was 
left stirring at room temperature for 3 hours before adding 3M KOH solution dropwise 
to the aluminium zinc acetate (Al-ZnO) mixture to get a precipitate and then followed 
by adjusting the pH to 11. The precipitates were used as the nuclei for the hydrothermal 
growth of Al-ZnO material. The resulting colloid was left stirring overnight before being 
treated hydrothermally at 200oC for 12 hours. The residue was retrieved, washed 3 
times with water and then dried for 24 hours at 100oC to get rid of any excess moisture 
and weakly bonded molecules on the surface. A similar method was followed for the 
synthesis and investigation of the effect of different molar concentrations of Al3+, 
specifically:  0.3%, 0.5%, 1% and 2% on the Al/ZnO morphology of the ZnO 
nanoparticle. 
4.2.2 Preparation of Titanium Carbide (TiC) 
The microwave synthesis method reported by Hui Wang et al. [45] was followed to 
obtain the titanium carbide, using TiO2 as the titanium source and carbon black was 




introduced as a reducing agent.  20% wt/v of TiO2 was dispersed in ethanol and ultra-
sonicated for 30 minutes at 30°C, then a solution of polyacrylic acid was added to 
stabilize the TiO2 solution in ethanol. 2g of carbon black was weighed and mixed with 
the TiO2 solution and ethanol was evaporated at room temperature to get the reaction 
precursor. A carbothermal reduction of the titanium complex was carried out in inert 
microwave conditions with the operating conditions set at a frequency of 2000 ± 50MHz 
and power of 6000 W for 30 minutes. 
4.2.3 Preparation of Al-ZnO@TiC 
Al/ZnO and TiC powders were used as the starting materials for the synthesis of Al-
ZnO@TiC. To obtain the nanocomposite, the starting materials, Al/ZnO and TiC, were 
mixed at a ratio of 2:1 respectively, and then sealed in a 150 mL mill vial with the milling 
balls that have a diameter of 10, 12 and 14 mm as seen in Figure 4.1. The vial was set 
in an inert atmosphere with a rotation speed of 250 rpm for 10 hours and 10-minute 
interval stops to control the thermal energy produced by friction. Figure 4.1 shows the 
schematic of the mechanical alloying (MA) method carried out to achieve Al-ZnO@TiC 
composite from TiC and Al-ZnO. After the milling process, the sample was left 
overnight to dry in the oven at 50°C.  






Figure 4.1: Schematic illustration of the mechanochemical synthesis of the 2% 
Al-ZnO@TiC composite. 
 
For pre-application measurement purposes, the sample was placed in a 4x2 mm 
moulding sample and press using a hydraulic KBr press at 10 bar of pressure to make 
a 4x2 mm testing sample.  The samples were used in the Seebeck coefficient setup 
and for thermal conductivity testing. 
 
 
4.2.4 Seebeck Coefficient Measurement 
The Seebeck coefficient measurements were undertaken (with a few changes) using 
the design suggested by Seop Yoon et al. [46]. CHAPTER 3 Section 3.3.3.2 shows the 

















4.2.5 Thermal Conductivity Measurement 
For thermal conductivity measurements, a TCi C-Therm thermal conductivity analyzer 
was used. The setup for measuring thermal conductivity is shown in the schematic in 
Chapter 3 section 3.3.3.1. About 1g of the sample was placed in a sample holder and 
analyzed across a temperature range (100K to 1000K) for 3 hours. The temperature 
was gradually increased at a rate of 50K/min. When a current is applied to the sample, 
a temperature gradient arises resulting in a voltage on the sensors. Thermal 
conductivity is measured from the rate of temperature (ΔT) changes from the voltage 
sensor. 
4.2.6 Characterization 
To further understand the materials synthesized; structural, morphological, elemental 
composition, optical and thermal stability were studied using instruments such as X-
ray diffraction, transmission electron microscope (HR-JEM-1400) and scanning 
electron microscope (TE SCAN-VEGA3).    
4.3 RESULTS AND DISCUSSION  
4.3.1 XRD Analysis 
The XRD diffractogram of Al-ZnO with Al3+ at molar ratios of 0.3%, 0.5%, 1%, and 2%, 
and the 2 % Al-ZnO@TiC sample are shown in Figure 4.2. The observed peaks located 
at 2θ values of 32.0º, 34.5º, 36.0º,  47.5º, 56.0º, 63.0º, 67.0º, 68.0º, and 69.0º, are in 
agreement with (100), (002), (101), (102), (110), (103), (200), (112) and (201) 
crystalline planes of ZnO with reference to JCPDS card number 01-079-2205 [47, 48] 
and ZnAl2O4 with JCPDS number 04-016-6648. These results confirm the presence of 
ZnO with a hexagonal wurtzite phase with high crystallinity and the impurity ZnAl2O4 




as a precipitate. Sharper peaks are observed at higher Al3+ content (Figure 4.2b-d) due 
to less lattice strain on the elements in the composite. The XRD diffractogram of the 
2%Al-ZnO@TiC sample (Figure 4.2e) contains all the peaks corresponding to ZnO and 
aluminium. Furthermore, a few major peaks from TiC (JCPDS card No. 32-1387) were 
observed. They are located at 25.5º, 36.9º, 42.6º and 62.0º corresponding to the 
crystalline planes of cubic phase TiC  [49]. The results confirm the successful synthesis 
of ZnO and incorporation of Al3+and TiC form Al-ZnO@TiC composite.  
 
 
Figure 4.2: The XRD diffractogram of (a) 0.3%Al-ZnO, (b) 0.5%Al-ZnO, (c) 1.0%Al-
ZnO, (d) 2.0 %Al-ZnO, and (e) 2%Al-ZnO@TiC nanocomposite 
illustrating the presence of different peaks due to the introduction 
of TiC to the Al-ZnO system 
 




The average crystallite size was determined using Scherrer’s equation that relates the 
particle size as a function of the X-ray wavelength and the Bragg’s angle. The 
calculated grain size of the materials ranged from 5.5 to 95 nm and this increase in 
grain size is accompanied by a decrease in the bandgap, see Table 4.1, these findings 
correspond well with the data obtained by Sebastian et al. [42]. Internal strain 
decreased with increasing Al content, reaching a maximum of 0.3%. 
Table 4.1: The effect of Al and TiC content on the bandgap, particle size and 
internal strain.  
 















Bandgap (eV) 3.14 3.18 3.06 2.98 2.46 2.37 
Grain size (nm) 10 15 19 33 95 102 
Microstrain (%) 0.106 0.183 0.067 0.037 0.056 0.035 
 
Figure 4.3, depicts the relationship between Al dopant concentration, nanoparticle 
sizes and internal strains of the Al-ZnO samples. A slight shift in the major peaks (100), 
(002), (101); for Al-ZnO and the TiC composite, can be observed in figure A1.1 in 
Appendix 1. These lattice shifts are attributed to the strain upon the addition of Al and 
TiC in the ZnO matrix. An increase in the concentration of Al3+ from 0.3% to 2.0% 
resulted in a corresponding increase in particle size from 9 to 38 nm. A drastic particle 
size decrease was observed from 93nm at 0 % Al concentration to 9 nm at 0.3% Al 
concentration, and 6 nm at 5% Al. This was followed by an increase at 1% Al 
concentration (37 nm) to 2% Al concentration (38 nm). The trend observed in Figure 




4.3 can be attributed to the high rate of nucleation at low concentrations compared to 
higher concentrations. Internal strain decreased with increasing Al content, reaching a 
maximum of 0.3%. This phenomenon is attributable to the partial lattice distortion 
caused by the ionic size difference between Al3+ and Zn2+. The same trend was 
observed and reported by Hong et al. [50]. 
 
Figure 4.3: The relation between Al dopant concentration, nanoparticle 
crystallite sizes and internal strains. 
 
4.3.2 SEM and EDX Analysis  
The SEM images in Figure 4.4 show the morphological studies of undoped ZnO, Al-
ZnO materials with different Al doping concentrations, and 2%Al-ZnO@TiC 
nanocomposite. The pure ZnO showed small-sized particles. The addition of Al in low 
concentrations at 0.3% and 0.5% resulted in the formation of spherical particles  
Figure 4.4(b and c). A high degree of agglomerated rod-like morphology was observed 
at 1% and 2% dopant concentrations Figure 4.4(d and e). At 1%Al, the sample 
revealed hexagonal rods and the shape later evolved at 2% where not only the shape 





































but the size of the particles also increased. At 2% Al concentration, we observe an 
intense hexagonal facet in the materials. The morphology of the particles seems to be 
induced by the Al3+ content and this is due to the inhibition of the zinc interstitials on 
different planes. To further understand the materials’ composition, the elemental 
analysis (EDX) of the Al-ZnO@TiC composite was, see done in Figure 4.4(g). The 
EDS shows the presence of more intense peaks of Ti, C, Zn, O and Al, indicating the 











Figure 4.4: SEM micrographs of (a) undoped ZnO (b) 0.3% Al-ZnO, (c) 0.5% Al-
ZnO, (d) 1%Al-ZnO, (e) 2 %Al-ZnO, and (f) 2%Al-ZnO@TiC showing 
the morphologies and shape-evolution of the samples; (g) shows 
the EDX the spectrum of the 2%Al-ZnO@TiC nanocomposite 
















4.3.3 TEM analysis 
Figure 4.5 shows the HR-TEM images of the Al-ZnO samples at different Al 
concentrations. A change in the internal morphology of the samples with an increase 
in Al concentration was observed.  The hexagonal phase of undoped ZnO converts to 
rod-like shapes at 0.3% and 0.5% Al concentration and changed back to the hexagonal 
structure at 1% and 2% Al concentrations. The evolution of rods at 0.3% and 0.5% Al 
concentration can be attributed to the growth along the 211 and 101 planes as the 
substitution of Zn with Al proceeds. High surface energy at the nucleation stage, as 
reported by references [51, 52], increases the particle size and this is in agreement 
with the TEM images. Therefore, the incorporation of Al showed to have assisted in 
regulating the morphology, phase composition, size and shape of the Al-ZnO samples. 
For the Al-ZnO@TiC sample Figure 4.5(f) the hexagonal Al-ZnO nanoparticle is 
observed to be evenly attached to the TiC sheets.       
 








Figure 4.5: TEM micrographs of (a) undoped ZnO (b) 0.3% Al-ZnO, (c) 0.5% Al-
ZnO, (d) 1%Al-ZnO, (e) 2%Al-ZnO, and (f) 2%Al-ZnO@TiC 
composite showing the morphologies and shape-evolution of 
the samples. 
Furthermore, the distribution of Al3+ and TiC can be observed in figure 4.5(f). The 
dark spots represent the positions of the Al-dopant, where Al3+ were incorporated 
within the ZnO matrix structure. The greyscale shading sheets in the 2D APT 
profiles represent the TiC sheets that covered the Al/ZnO particles at its 
interface and is quantified by the HR-TEM. 
4.3.4 Optical Properties 
Optical studies were conducted to investigate the performance of the material in the 
UV and IR region, and Figure 4.6 shows the bandgap variations of the samples. The 










energy (hν) for the various concentration of Al. The optical absorption (αhν)2 strength 
depends on the difference between the photon energy and the bandgap. The optical 
band gap decreased from 3.230 to 2.456 eV with increasing Al dopant concentration 
and reached 2.368 eV for the TiC reinforced composite.
 





Furthermore, as a donor dopant, Al moves the Fermi level toward the conduction 
band of ZnO and this can be the result of the electronegativity difference between 
Al3+ and Zn2+. This electronegativity difference created defect sites that extend the 
energy level, therefore, narrowing the band energy and enabling more electrons to 
transition to the conduction band for enhanced carrier mobility and this can be seen 
in the data obtained in Figure A1.2 (APPENDIX 1)  
 
 
Figure 4.6: Band gap values of (a) undoped ZnO (b) 0.3% Al-ZnO, (c) 0.5% Al-
ZnO, (d) 1%Al-ZnO, (e) 2%Al-ZnO, and (f) 2%Al-ZnO@TiC 
composite showing the decrease in band gaps with increasing Al 
concentration and the presence of TiC. 
 





4.3.5 Thermogravimetric Analysis 
To establish the crystallization conditions, a temperature difference was monitored 
and the weight loss (%) of the Al-doped ZnO and TiC@Al-ZnO samples was 
measured using a HITACHI STA7200RV Thermal analysis system. The thermal 
analysis was carried out from 30°C to 700°C at a 10°C /min flow rate in the air. 
Figure 4.7 shows a plot of TGA for Al-ZnO nanoparticles and TiC modulated material 
vs percentage mass loss. The specimen revealed a small mass loss with an onset 
at 125°C in the studied temperature range. All the Al-doped ZnO samples showed 
a three-step weight loss profile before reaching a thermally stable state at 400 K, 
while the TiC composite reveals a single set weight loss of 2.015% due to the 
decomposition of TiC from ZnO and then it plateaus at 430 K. The weight loss at 
around 100°C is due to the vaporization of water. A broad weak peak is seen in 
Figure 4.7(a) at 200-300°C range for all samples and this could be due to the 
vaporization of volatile organics. Meanwhile, TiC@Al-ZnO material showed 
comparatively higher thermal stability across the temperature range, with a small 
mass loss from 150 to 600 ̊C. Figure 4.7(b) shows the calorimetry profile for the 
composites. The TiC nanocomposite shows no endotherm peaks; however, a broad 
exothermic peak is observed from 300 to 500°C and this illustrates a conformational 
energy state that results in a low enthalpy output and more ordered crystalline 
structures. Endothermic peaks at 120 ̊C and 150°C for 0.5% and 2%, respectively 
represent heat flow into the system resulting in phase change.  






Figure 4.7: (a) TGA and (b) Differential Scanning Calorimetry and (c) DTG for 
Al-doped ZnO and 2%Al-ZnO@TiC. 
 
4.4 Effect of Al concentration on Charge transport properties of Al/ZnO 
nanoparticles and 2%Al-ZnO@TiC nanocomposite. 
4.4.1 Thermal Conductivity  
Data obtained from thermal conductivity measurements investigating the effect of 
temperature on the thermal conductivity of the materials are presented in Figure 4.8. 
The result shows that all the Al-ZnO materials exhibit an inverse relationship 
between thermal conductivity and increasing temperature, this trend has been 
reported by Han et al. [53].  
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Figure 4.8: (a) Effect of temperature on the thermal conductivity of the Al-ZnO 
samples and 2%Al-ZnO@TiC composite; (b) and (c) represent 
the grain boundaries of 2%Al-ZnO@TiC sample. 
 
The 0.3% Al-ZnO sample had the lowest thermal conductivity compared to 0.5 %, 
1% and 2% Al concentrations across the temperature range (100 to 1000°C) 
showing not only the effect of the dopant concentration but also the effect of 
temperature on thermal conductivity. According to Wien’s law of displacement on 
phonon given by eqn 4.1, as the temperature (𝑻) decreases the wavelength of 
phonons (𝜦) that carry most of the heat increases and b, is the Wien’s constant of 
























































proportionality. Therefore, at low temperatures, long-wavelength phonons carry the 
most heat causing the materials to display high thermal conductivity. 





As the temperature increases, the wavelength of phonons decreases. Thus, 
phonons with shorter wavelengths carry the least heat resulting in the materials 
having low thermal conductivity at high temperatures. Furthermore, the decreased 
thermal conductivity can be attributed to the scattering of lattice phonons due to the 
grain boundaries created in the samples (see Figure 4.8b and c). Long-wavelength 
phonons are impacted by boundaries on the crystal lattice resulting in the 
dominance of boundary scattering [54-56]. As the temperature increases, the 
phonons will be scattered by point defects and distortions in the lattice. This is 
aligned with the findings of Rounds et al. [57].  
With regards to the effect of TiC on the thermal conductivity, a more pronounced 
decrease is observed when the material is reinforced with two-dimensional (2D) TiC 
sheets. Quantum-well structures can reduce heat transportation significantly by 
decreasing the travel distance and increasing the rate between successive phonon 
collisions. We conclude that both phonon-phonon scattering mechanics, produced 
by the barrier formed by the interface (grain boundaries) in Al-doped materials, and 
the reduced mean free path in the TiC nanocomposite are responsible for the low 
conductivity.  
 





4.4.2 Electrical Conductivity  
Figure 4.9 illustrates the temperature dependence of transport properties and carrier 
mobility that are influenced by the electronic structure of the material. In Figure 
4.9(a), the electrical conductivity was studied by measuring the electrical resistivity 




Figure 4.9: (a) Illustrates the electrical conductivity dependence on 
temperature and (b) shows the relationship between the carrier 
mobility and temperature of all the samples. The insert 
represents carrier concentration as a function of Al content. 
 
The variation of the electrical conductivity is linearly dependent on the temperature 
reaching a maximum at 960K for all nanocomposites. The 2%Al-ZnO@ TiC material 
emerged superior, yielding a progressive increase in electrical conductivity over the 
studied temperature range. This observation can be linked to the electronic band 
reinforcement made by the addition of 2D well-structured material (TiC) that 
significantly enhances the conductivity. According to Hicks-Dresselhans [58], barrier 
levels present at the boundaries and interfaces of the nanosheet composite filter 






















































































lower energy charge carriers and transmit high energy carriers resulting in enhanced 
carrier transport properties.  Figure 4.9(b) shows the Hall mobility of the samples. 
2% Al/ZnO was taken to represent the doped materials versus the 2%Al-ZnO@TiC. 
Both composites showed weak mobility at low temperatures, however, an increase 
is observed at 960K (equivalent to 1000/T = 1.04). Furthermore, the insert shows 
the effect of doping concentration on carrier concentration. Increased carrier 
concentration was achieved at 2% concentration. The non-degeneracy observed 
from the electrical conductivity data, more extensively at low temperatures, is 
attributed to the electron filtering effect.  
At low temperatures, a great number of carriers lack sufficient energy to contribute 
to the overall charge transport. While at higher temperatures more energetic 
can overcome the barrier energy and as a result, contribute to the net charge 
contribution. The observed increase in electrical conductivity for the TiC composite 
is due to the metallic conduction nature of Ti in the sample. Hoolander et al. [59] 
reported a resistivity of 200 µΩ cm for the crystal layer of TiC at T < 200 °C. This 
drastic increase can also be attributed to three factors nonstoichiometric 
composition, effects of oxygen in the lattice and stress concentrations. The effect 
TiC on the electrical conductivity of the Al-ZnO system is observed to be similar to 
that obtained in a TiC reinforced Cu-matrix reported by Akhtar et al. [60]. Figure 
4.10 illustrates the exponential mobility of the charge carriers around the potential 
barrier for the 2%Al-ZnO@TiC sample. The slope obtained gives the barrier height 
(ΦB), and  
Table 4.2 shows the calculated energy barrier of the Al-ZnO samples. 
 







Figure 4.10: Illustrates the effect of temperature on the mobility of the charge 
carrier in the 2%Al-ZnO sample. The insert shows the 
mechanism of the activation energy dependence on the band 
structure. 
 
Table 4.2: Illustrates the calculated barrier energies for varying Al-doped ZnO. 
The energy barrier height of Al-doped ZnO 
Al concentration (wt%) 0 0.3 0.5 1 2 
Energy barrier (meV) -40.0 -37.6 -36.1 -34.8 -29.1 
 
A more specific approach described by Bruneaux et al. [61] for non-degenerately 
doped ZnO including Fermi-Dirac statistic [62] temperature-dependence of charge 
concentration and mobility was illustrated using the following expression: 






























where A is a pre-exponent factor, T is the absolute temperature, k is the Boltzmann 
constant and Φ is the activation energy that is given by Φ = ΦB – (Eg). Different grain 
structures and compositions can be induced by crystal orientation or impurity 
segregation, and these conditions create a barrier energy band and carrier depleted 
layer. This allows the charge carriers moving along the grain edge to be forced into 
an inter-granular region which is seen as energy barriers [63]. The barrier heights in 
the samples enable the measurement of the electrical conduction activation energy. 
Figure A1.4 (Appendix 1) shows that all the samples have a maximum turning point, 
where the negative slope corresponds to the barrier height and the magnitude of the 
energy barrier varies with temperature, while Figure A1.5 (APPENDIX 1) shows the 
activation energy dependence on the Al% concentration. The negative slopes reveal 
that the Fermi level is located above the barrier and the positive slopes show the 
Fermi level is below the barrier height. The Fermi level is further located between 
the conduction band maximum [64] and the barrier height varies with temperature. 
The samples showed energy barriers varying from -40meV for pure ZnO to  
-27.2meV for 2% Al-ZnO, see Figure A1.4 (APPENDIX 1).  The charge carrier 
mobility in the TiC composite, Figure 4.10, shows that the amount of charge carriers 
with enough energy to overcome the activation energy varies with temperature and 
the temperature-dependence of the grain barrier height could be attributed to the 
negatively charged vacancies at the interface. This phenomenon results in a space 
charge distribution that transition to the electrical conductivity behaviour. The insert 
in Figure 4.10 shows a schematic of the activation energy dependence on 
temperature as band structures. The barrier height decreases at high carrier 
concentration allowing the electrical potential to move toward the conduction band, 
this increases the electron density, promoting high electrical conductivity.  





4.5 Thermoelectric properties of Al-ZnO and 2%Al-ZnO@TiC nanocomposite. 
4.5.1 Seebeck Coefficient 
A hot probe setup was used for the measurement of the Seebeck coefficient on Al-
doped ZnO and TiC based Al-ZnO nanocomposite. Figure 4.11(A) shows the 
Seebeck coefficient as a function of temperature. A decrease in the thermopower is 
observed for all the materials across the temperature range and this is in line with 
the findings in the literature of ZnO materials [65]. Negative coefficients from (-10 to 
-110 µV/K) were observed, with a further decrease in variation for 2% Al-ZnO 
nanocomposite. This trend is a result of the changes in the electronic properties of 
the materials, and this can be seen by the influence of TiC in Figure 4.11(A).  
 
 
Figure 4.11: (a) Represents the temperature-dependence of the thermopower 
for Al-ZnO samples, and 2%Al-ZnO@TiC nanocomposite, (b) 
represents the temperature vs power-factor (S2 σ . 
 
The eqn 2.9 in Chapter 2 section 2.4.1 suggests a linear dependence of Seebeck 
coefficient with varying temperature, provided that the effective mass remains 
constant and carrier concentration is independent of temperature. However, carrier 
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concentrations vary linearly with the dopant concentration suggesting that at high Al 
concentration, a large electrical conductivity was achieved. Hence Seebeck 
coefficient decreases and this can be observed in the trend followed by the obtained 
data. Aluminium doping also modified the energy barrier formed at the grain 
boundaries and thus caused phonons scattering and filtering of low-energy carriers. 
This modification has been linked to thermoelectric properties and is shown to 
influence the Seebeck coefficient in metal oxides [66].  
The introduction of TiC into the composite introduces energy bands in the 
heterostructures, these energy bands increase the density of state of the electrons 
and phonons. In practice, researching objectives for phonon transport is to either 
facilitate or impede the transfer of heat. To fix the heat issue, it is critical to define 
the phonon transport restricted access within an operating system i.e. not having 
negative frequencies in the materials and then increase these restricted accesses 
by enhancing present production procedures, introducing fresh products or using 
new materials. These results further show the inverse relation between electrical 
conductivity and Seebeck coefficient. To optimize both the electrical conductivity 
and Seebeck coefficients, a power factor vs temperature analysis is illustrated in 
Figure 4.11(B). The temperature dependence of the power factor is linked to the 
electronic and structural properties, such as carrier mobility, barrier height and Al 
concentration of the material.  
 
4.5.2 Figure of Merit 
The data presented in Figure 4.12 is the dimensionless figure of merit ZT, obtained 
from the calculations based on ZT = S2 σ / k. Because ZT is an entity that links S, σ, 
and k at a given temperature, understanding the influence of both electronic and 





structural properties brought forth by each of these parameters on the figure of merit 
is paramount for improving the performance of ZnO as a thermoelectric material.  
 
 
Figure 4.12: Temperature dependence of the figure of merit (zT) of the Al-
doped ZnO samples, and the 2%Al-ZnO @TiC composite. 
 
For Al-doped samples, grain boundaries, defects and nanoprecipitates become 
essential for nanostructural effects on phonon transportation due to the scattering 
processes discussed in Chapter 2 section 2.4.1. Dresselhaus et al. [67] and Faleev 
et al. [68] suggested that high S can be achieved by employing nanostructuring 
effects like charge carrier filtering in the semiconductor nanocomposite systems. 
The samples reveal a smoother temperature dependence of ZT. For a large power 
generation, a high figure of merit across a wide temperature is required. A large 
figure of merit of 0.28 at 960 K was observed for TiC modified Al-ZnO as illustrated 
in Figure 4.12, and because of the mechanical and thermal stability reported by Miao 
et al. [69], the long term stability of the TiC composite will be greatly enhanced 
because of the high decomposition temperature of TiC. These zT findings are 





















comparable to what Nam et al. [70] reported (0.34 at 1073 K). The same trend is 
observed over the thermoelectric properties that were investigated and this is due 
to enhanced electrical and thermal conductivities. We noted that structural and 
electronic modification of the materials was significant in reducing thermal 




We report the successful synthesis of degenerate Al-doped ZnO and its TiC 
modified composite (Al-doped@TiC), by both mechanical alloying and hydrothermal 
methods. We also report the thermoelectric and transport properties of the above-
mentioned nanomaterials. The structural properties of the material showed a strong 
dependence on both the dopant concentration and incorporation of TiC in the crystal 
lattice. X-ray diffraction patterns revealed peculiar peak development for the sample 
containing TiC, which is aligned with the TEM findings that show the successful 
modification of the nanocomposite. The optical properties showed a decrease in the 
bandgap energy of ZnO after its modification with Al and TiC. Linear temperature 
dependence of electrical conductivity and Seebeck coefficient was identified as per 
Pisarenko relation. We conclude that, because of the filtering effect, large carrier 
concentration and the exponential nature of the thermopower in the ZT expression, 
both electrical conductivity and Seebeck coefficient show a non-degeneracy and 
degeneracy behaviour respectively across the studied temperature range. 
Furthermore, the exponential carrier mobility relation to temperature showed 
activation energy for charge carrier concentration in the order of 102 meV. The 
thermal conductivity profile illustrated a decrease across the temperature range 





reaching 7.62 W/cm K for 0.3% Al sample and, the deviation of temperature-
dependence on the thermal conductivity was observed for TiC reinforced Al-doped 
ZnO, reaching 5.75 W/cm K at 1000 K. Nanostructuring was crucial in increasing zT 
through thermal dispersion and electronic transportation. With the TiC nanosheet 
modification, we were able to synthesize Al/ZnO with increased electrical 
conductivity and a significant reduction in thermal conductivity. A strong correlation 
between the thermoelectric properties and nanostructuring was observed for 
TiC@Al-ZnO, increasing by a magnitude of 0.18 from 2%Al-ZnO over the 
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Multilayer-dependent Properties of Indium Triphosphide (InP3) for Optical 
and Thermoelectric Applications: A First-Principles Study 
 
5.1 INTRODUCTION 
A vast amount of energy sources is being slowly integrated into the global plan to 
decarbonize the energy grid as a means of decreasing the global carbon footprint 
as per the Paris Agreement plan [1]. Some of these renewable sources include 
solar, wind, geothermal, hydrothermal, etc. While at the same time, as a result of 
the growing global population, the demand for alternative energy sources, newer 
technologies such as supercapacitors, Li-ion and flow battery systems, fuel cells, 
pumped-storage hydroelectricity and thermoelectric generators are becoming 
popular amongst future sustainable energy systems [2]. Thermoelectricity, in 
particular, has struck interest as a potential source for generating electricity at both 
industrial and domestic levels [3]. Heat is a form of energy that diffuses due to the 
rigorous motion of atoms that make up matter [4]. It is one of the most abundant, 
yet least explored sources of energy, therefore thermoelectric (TE) modules take 
advantage of this heat energy. A standout advantage of these systems is their ability 
to be easily coupled with other renewable sources (such as photovoltaic systems) 
to maximize the energy output [5]. However, most thermoelectric materials are still 
in the development stage, those that are commercially available have efficiency 
limitation because of two major problems; firstly, the inability to maintain a 
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significantly low thermal conductivity that can withhold a large temperature 
difference across the chemical potential and secondly, the difficulty in optimizing the 
carrier transport in the material by allowing a large amount of charge carrier and 
mobility around the Fermi level [6-9].  
Graphene opened the way for the study of potentially new structural materials for 
applications far beyond electronic or mechanical purposes [10, 11]. Amongst these 
new structural materials is indium phosphorous. Indium phosphorous (InP3) has 
shown promising applications stemming from light-emitting devices, photovoltaic 
cells and transistors, to recent studies as potential thermoelectric material [12]. It 
has also shown dual property functions that can be used in both photovoltaic and 
thermoelectric systems simultaneously [16]. This increases the demand for 
integrated photovoltaic-thermoelectric systems that can utilize 80% of solar energy 
transformed into heat for energy generation.  
Exfoliation of 2D materials, such as GeP3, CaP3, etc [13, 14] endows them with 
enhanced and exceptional light absorption in the visible and infrared (IR) regions 
compared to the bulk materials, and indium phosphorous (InP3) is not an exception.  
InP3 monolayer can be obtained from its bulk material via liquid-phase exfoliation or 
by mechanical cleaving [15]. Experimentally, bulk InP3 has a metallic conducting 
nature [16], which is contrary to the epistemic anticipation that it should be 
semiconducting. From its electronic and atomic structure, phosphorous does not 
have enough electrons to retain an octet as compared to other group-IV-based 
triphosphides that has the fourth electron contributing to the metallic nature [17].  
However, layered InP3, particularly InP3 monolayer, is said to be a quasi-indirect 
band semiconductor with a bandgap of 1.14 eV with significantly high carrier mobility 
[18]. Recently, the thin-layered structure of InP3, which can be achieved from 
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cleaving the bulk material via various exfoliation methods, was found to have a large 
Seebeck coefficient, high thermal resistivity, and great optical properties [3, 19]. 
These transport and optical properties present a strong argument for the potential 
use of InP3 as an interface structure for thermoelectric applications. Therefore, we 
believe InP3 could be a potential thermoelectric modifier; hence, the need for a 
comprehensive theoretical study of multiple layers of InP3 to investigate and 
understand the effect of its multiple layers on optical and thermoelectric properties; 
thus, providing a novel and interesting pathway to achieve highly efficient solar and 
thermoelectric devices.  
In this section, we investigate InP3 monolayer as a novel semiconductor using 
density functional theory (DFT) calculations. We first conducted a comprehensive 
study on the electronic properties of the bulk and the monolayer, then we show that 
the transport properties and thermal conductivity of InP3 can be modulated by 
structural engineering and electronic band structuring to form multilayer InP3. 
Furthermore, we present the optical properties and discuss briefly the potential 
optoelectronic application of InP3. Finally, we evaluate the thermal stability and 
lattice thermal conductivity of InP3 system from the calculated phonon dispersion 
curves, and its electronic properties in conjunction with other 2D materials for 
potential thermoelectric applications. 
 
5.2 COMPUTATIONAL METHODOLOGY 
All the calculations were done using Quantum Espresso (QE) code [20, 21]. The 
cut-off energy was set at an energy convergence threshold of 1 x 10-5 Ry. The 
Brillouin zone integration was performed using the Monkhorst– Pack scheme [22] 
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with a k-mesh of 7 × 7 × 1 and 6 × 6 × 1  for bulk and monolayer, respectively. The 
charge-density cut-off was kept at 400Ry and the Marzari-Vanderbilt cold smearing 
size was fixed at 0.02Ry. The geometric structures were fully optimized and relaxed 
through the conjugate gradient algorithm until the residual forces acting on the 
atoms are less than 7.35 x 10-1Ry/Å.  
The lattice constant of InP3 was optimized until the total energy converged to at least 
1 × 10
-6
 Ry for the Z electronic self-consistent loop, and to account for the residual 
forces acting on the ions, it was set at 1 × 10
-4
 Ry/Å. A vacuum of 20Å was built 
perpendicular (z-direction) to the plane to minimize the interlayer interactions that 
might occur due to boundary conditions.  
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Electronic Structure 
Firstly, parameters (geometric) and pseudopotentials were validated by reproducing 
the electronic and structural properties of InP3. As a monolayer structure, InP3 is a 
pseudo-2D crystal with a hexagonal lattice structure that belongs to the R-3m h 
space group family [17]. It has a buckled honeycomb structure, contains a network 
of P atoms, with three of the honeycomb structures linked via a common Indium 
atom see Figure 5.1. 
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Figure 5.1: Illustrates the honeycomb structure of InP3 from the top view of a 
3 x 3 supercell with planar layers in the c-axis direction. 
 
5.3.1.1 Bulk InP3  
In bulk InP3, monolayers are stacked in the ab plane Figure 5.2(a) allowing the van 
der Waals forces to act along the c direction. Each unit cell has a third layer repeated 
by the vector perpendicular to the plane of the layer. The calculated lattice 
parameters of bulk InP3 are a = b = 7.933 Å and c = 10.160 Å, which are in close 
approximation to the experimental data of a = 7.449 Å and c = 9.885 Å obtained by 
Kinomura et al. [16]. The optimized lattice parameters illustrate a slight difference 
from the experimental bulk material. Bulk InP3 showed a metallic nature from the  
electronic band structure presented in Figure 5.2(b), where the conduction band 
crosses the Fermi level and interact with the valence band at several places along 
the ΓM and KΓ directions. A similar trend is observed in the higher-order layers. 
However, the monolayer showed an indirect bandgap and this is due to the quantum 
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Figure 5.2: Shows the structure of Indium triphosphide. (a) Side-view of InP3 
monolayers stacked along the c-axis and, (b) The electronic band 
structure of bulk material, with the Fermi-level set at 0 eV. 
5.3.1.2 Monolayer InP3 
Figure 5.3 shows the top view of the monolayer cleaved from the bulk material and 
showing the electron distribution and electron density map of the In-P in InP3. The 
data in Figure 5.3(a) demonstrates that the P and In atoms form a stable lattice 
structure that will be further studied in subsequent subsections. The following 
subsections will look at the properties of various layers of InP3, obtained by cleaving 
the bulk material (which approximates to about 5 layers) into monolayer to trilayer.  
This was done in a 20 Å vacuum to avoid any spurious interactions between the out 
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Figure 5.3: (a) Top-view of InP3 monolayer. (b) The primitive cell and the 
corresponding Brillouin zone with symmetry points and, (c) 
illustrates the electron localization function (ELF) profile of InP3.   
 
Figure 5.4 below shows some of the transport properties of the monolayer. Figure 
5.4(a) illustrates the electronic band structure of InP3 monolayer, and it reveals the 
semiconducting nature of the material with an indirect bandgap. Indirect bandgap 
observed for the monolayer will be advantageous for carrier mobility in the materials, 
this will result in increased charge transport as observed in perovskites [23]. The 
valence band (VB) maximum is located on vector point M, while the conduction band 
(CB) minimum is located at the Γ. A degeneracy is observed at M point, where two 
valence bands cross each other. The band structure showed broadband around the 
Γ point, a peculiar feature of an almost flat valence band near the Fermi-level, that 
can lead to a van Hove singularity effect [24] and result in a large effective mass 
and high density of states in that direction. The calculated bandgap energy of 
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which is in the far-infrared. These results are comparable to the experimental results 
obtained by Yasaei et al. [25]. 
 
Figure 5.4: (a) Electronic band structure for monolayer InP3, (b) Phonon 
dispersion curves of the InP3 monolayer and the density of 
phonon states, (c) Cleavage energy of monolayer(1L), 
Bilayer(2L) and Trilayer(3L) InP3. (d) Energy per unit cell vs 
interlayer separation, d-d0, of InP3. 
 
To ensure structural stability, the cohesive energy of both the bulk and the 
monolayer material was used to evaluate the atomic stability. The cohesive energies 
were -17.04 and -16.78 eV for bulk and monolayer InP3 respectively. The cohesive 
energies for 2L and 3L can be found in section A2. III APPENDIX 2. The minimal 
difference in the energy suggests that indium triphophide is stable from its bulk state 
down to single thin layers. Furthermore, to understand the stability far beyond 
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structure, dynamic evaluation on the monolayer is conducted by calculating the 
phonon dispersion using a supercell of 4 x 4 x 1. Figure 5.4(b) illustrates the phonon 
mode profile of 1L InP3, and the data show no imaginary phonon frequencies across 
the sampled region confirming the dynamic stability of the material. The maximum 
optical mode is observed at a frequency of 13.5 THz, comparable to that of black 
phosphorous [27], the strong P-P and In-P covalent bonds contribute to the 
thermodynamic stability.  
Furthermore, the phonon density of states (phDOS) shows a shared distribution that 
is uniform in the lower region of the phonons which demonstrates a stable In-P 
lattice structure. In the InP3 structure, for every single In atom, there are three P 
atoms, which results in both optical and acoustic phonons that add up to twenty-four 
phonon branches (three acoustic and twenty-one optical).  
At the wave vector Γ, both the acoustic in-plane and out-plane X and Y meet 
followed by a longitudinal mode Z. Among the three acoustic phonon modes, the Y 
acoustic phonon mode illustrates a parabolic dispersion along the wave vector Γ 
point, this feature is linked to the decay of transversal force and it is common in thin 
layer materials [28, 29]. The transversal and longitudinal modes disperse linearly 
with respect to the Γ wave vector. There is a dense mixture of both phonon modes 
in the lower frequency region and this plays a role in determining the optimum 
thermal transport properties of InP3. Both acoustic and optical modes are significant, 
as seen in Figure 5.4(b) for the heat management in this system. The lattice 
parameters and atomic positions of bulk, 1L, 2L and 3L InP3 using HSE06 functional 
are given in Table 5.1. 
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Table 5.1: Illustrates the structural and electronic properties of InP3 calculated 
using the HSE06 functional. 
 
Lattice parameters and Bandgap via HSE and GGA-PBE Functionals 
 













Bulk 7.52 0 0 
Monolayer 7.56 1.13 1.03 
Bilayer 7.52 1.04 0.71 
Trilayer 7.41 0.1 0.05 
 
To further understand the structural properties of InP3, multiple layer structural 
configurations of the material were studied. The 2L bandgap decreases, by ~8% 
orders of magnitude (Figure A2.1), from that of the monolayer to 1.04 eV while the 
3L result in a complete metallic state of the material. For the monolayer, the in-plane 
cell dimensions, the lattice constant is optimized at 7.522 Å which is ∼5% smaller 
than the bulk value according to the DFT estimate.  
The effectiveness and efficiency of the fabrication of the layered materials depend 
greatly on the ease of separation of the layer from the bulk material through 
commonly used methods (exfoliation and mechanical methods) [30]. The cleaving 
energy is calculated in Figure 5.4(c). This illustrates the energies for 1L, 2L and 3L 
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materials from a 5L thick slab bulk structure. The cleavage energy for monolayer 
InP3 was observed to be 1.39 J.m-2. This result is comparable  to the experimental 
findings by Chang et al. [31] and slightly higher  than other 2D materials, which 
includes GeP3 (1.14 J.m-2) [14], SnP3 (0.71 J.m-2) and NaSnP (0.81 J.m-2) [32]. The 
cleavage energies for both 2L and 3L are reduced to about 0.30 and 2.5 J.m-2 
respectively and are comparable to that of graphene (0.32 J.m-2) [33]. Furthermore, 
the interaction between the atoms was evaluated and assessed by defining the 
interlayer binding energy as a function of interlayer spacing see Figure 5.4(d).  
Figure 5.5 GGA-PBE functional bandgap calculations were done to compare it to 
the HSE06 functional data. The bandgap of the monolayer increased to 1.38 eV 
when the GGA-PBE functional is used. The bandgap is further engineered by 
stacking multiple layers of InP3 to form bilayer (2L) and trilayer (3L) with 0.71 and 
0.42 eV bandgap respectively.  Similar to GeP3 and SnP3, InP3 trilayer, when 
cleaved from the bulk material, exhibits a narrow bandgap in the absence of any 
surface relaxation [14]. These findings suggest that the increase in bandgap from 
bulk can be attributed to surface relaxation in addition to the confinement effects 
[18]. 
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Figure 5.5: Band Structures of InP3 a) monolayers (1L), b) bilayer (2L) and 
trilayer (3L) within the GGA-PBE method. The different 
magnitudes of the blue arrow correspond to the bandgap. The 
Fermi level is set to zero as a dash horizontal line. 
 
Furthermore, a thermal stability study of 1L, 2L and 3L was conducted, where 
molecular dynamic calculations were carried out at a constant temperature, data 
presented in Figure 5.6. A constant temperature of 300 K was used for InP3 
monolayer and bilayer, and there is no phase transition observed at this 
temperature. The thermal stability of InP3 monolayer is confirmed by the constant 
fluctuations maintained over 50 ps, indicating the stability state of the material at 
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oscillation is occurring in a narrow range indicating that during the AIMD simulation, 
a homogeneous vibration of the atoms distributed around their equilibrium positions 
occurred. 
 
Figure 5.6: Shows the time (ps) evolution profile of the energy of (a) 
monolayer, (b) bilayer and trilayer InP3. 
 
5.3.1.3 Partial Density of States (PDOS) 
The eigenvalues were calculated on a fine Monkhorst-Pack grid, with self-
consistency for both the valence (VB) and conduction bands (CB) utilizing the 
potentials and electronic charge densities produced in the simulation. To examine 
and understand the nature of active states making up the CB and VB edges, PDOS 
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Figure 5.7 illustrates the partial density of states (PDOS) of bulk and multiple layer 
structures, such as 1L, 2L and 3L, of InP3. In all the materials, both the conduction 
and valence band edges are made of mainly the p atomic orbitals (AO), 3p from 
phosphorous (P) and 5p indium (In), from the 3rd and 5th atomic shells and these AO 
were found to be responsible for the electron distribution in InP3. A dominant 
contribution of P 3p across both the valance and conduction band is observed for all 
the materials. This observation suggests that the electrons move in the phosphorous 
atomic orbital as illustrated and the different layers have no effect on the atomic 
orbitals involved in electron contributions. Furthermore, the van Hove singularity 
(VHS) can be seen in Figure 5.7(b) for the monolayer and this is in line with the 
valence band structure in Figure 5.7(a). For both monolayer and bilayer, though the 
effective mass is expected to be isotropic and large in the given sample region, the 
anisotropy character of the charges in the VB is observed in the DOS and this can 
be advantageous on the transport properties. 
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Figure 5.7: (a) PDOS of the bulk InP3 with electronic contributions from atomic 
orbitals 5p and 3p, (b) Monolayer (1L) of InP3, (c) Bilayer and (d) 
Trilayer of InP3 showing the electronic contributions from 
atomic orbitals In 4s, 5p, 3d and P 2p respectively. 
 
5.3.2 Optical Properties  
5.3.2.1 Optical Absorption 
The bandgap for monolayer InP3 was calculated to be 1.13 eV, a few orders of 
magnitude less than bulk silicon (1.16 eV) [34]. For effective absorption, the 
optimum bandgap for thermoelectric application should be between 6𝑘𝐵T and 
18𝑘𝐵T [35]. Where 𝑘𝐵 is the Boltzmann constant and T is the temperature in kelvin. 
Optical absorption coefficient calculations were conducted on the materials using 
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spectrum of different layers of InP3.  The data shows that the overall absorption 
coefficients fall within the 104 cm-1, comparable to that of black phosphorous and 
perovskite materials [36] with the absorption spanning across the UV and IR 
spectrum. Strong peaks around the range ~200 nm to 400 nm can be observed for 
the monolayer, bilayer and trilayer, all with marginal shifts towards higher 
wavelengths relative to the bulk material.  The IR region, which is significant for 
thermoelectric purposes, sees the absorption of 1L reaching 25 x 104 cm-1 at 1000 
nm, five times more than the other layers at the same wavelength. The maximum 
absorption intensity of bulk InP3 is located in the ultraviolet region with a wavelength 
of ~190 nm. An enhanced absorption coefficient at the ~200 nm wavelength region 
for both the monolayer and trilayer suggests a large excitonic effect. A decreasing 
pattern in absorbance has been observed in many 2D materials [37], where the 
materials absorb light in narrower wavelengths and descend at wider wavelengths. 
A quantitative correlation between the absorption and PDOS can be used to explain 
the peaks in the spectrum. 
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Figure 5.8: Absorption spectra of bulk and different layers of InP3 across a 
range of 1000 nm wavelength. 
 
The intense absorption peak observed around ~  340 nm in monolayer InP3 and 
about  270  nm in the trilayer, is attributed to the band transition that occurs between 
the two bands (VB and CB) and this transition is mainly dominated by the p atomic 
orbital from P in both materials as it can be seen in Figure 5.7 (b-c). The monolayer 
showed the most intense absorption which can, in turn, lead to a high probability of 
oscillator strength across band transitions. Apart from the dominating absorption of 
1L to other configurations across the wavelengths, around 700-1000 nm, the bulk 
InP3 absorption becomes more prominent than 3L and 2L respectively and the 
absorption is improved. Together with the van Hove singularities, this oscillator 
strength appears to be influential in the light-matter interaction and guarantees the 
enhanced photon absorption, a trend observed with TMD heterostructures that 
results in effective thermoelectric modules with high efficiency [38]. Large 
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absorptions observed for both monolayer and bulk, in the region of 600-1000 nm, 
suggesting that InP3 (monolayer) has the potential of being integrated into other 
systems, such as thermoelectric modules for thermoelectric application purposes 
while preserving its light absorption properties. 
5.3.2.2 Work Function 
In solid-state systems (metals/semiconductors), electronic levels such as Fermi-
level, vacuum level, work function etc. are paramount to understanding the 
electronic behaviour and transport properties of charge carriers in semiconducting 
materials. Structural composition and surface morphology of materials have a direct 
effect on the work function which can, in turn, tune and induce the surface electric 
field via the distribution of electrons, more especially at the interface of multi-layered 
structures [39]. Defined as the energy required to remove an electron from the 
surface of the material at absolute zero temperature, work function can 
quantitatively be determined by finding the difference between the vacuum level 
(Ε𝑉𝐴𝐶) and the Fermi-level (Ε𝐹), the expression is described below, 
𝜱 =    𝚬𝑽𝑨𝑪  −  𝑬𝐅  5.1 
 
where 𝚬𝑽𝑨𝑪 and 𝚬𝑭 are the energy of an electron at the stationary point in the 
vacuum in line to the surface and Fermi level, respectively. Figure 5.9 illustrates the 
work function (𝜱) of the InP3 materials, from bulk to trilayer, as an evaluation to 
study the structural effect on the electronic levels.  The work function (WF) was 
calculated from the electrostatic potential and Fermi energy obtained in the vacuum 
space. In the work function profiles presented above, it is seen that 1L InP3 has the 
lowest WF from the thin layer materials, with a value of (𝜱) = 4.586 eV.  
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Notably, there was an increase observed for both the 2L and 3L materials compared 
to 1L reaching 5.53 and 4.808 eV, respectively. This is attributed to the structural 
interface between the layers. This change in the work function with the number of 
layers suggests that the contact resistance can be tuned by controlling the number 
of InP3 layers. Moreover, lower WF results in the lower energy transfer of electrons 
across the transport gap, thus more electrons transfer will occur increasing both 
carrier mobility and to a certain extent conductivity of the material. This is drawn 
from the phenomena of direct proportionality of the work function to the kinetic 
energy gained by the electrons [40]. 
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5.4 TRANSPORT PROPERTIES 
5.4.1 Charge Carrier Parameters 
Both the Seebeck Coefficient (𝑆) and electrical conductivity were calculated across 
a temperature range of and Figure 5.10 illustrates the transport property 
dependence on temperature. The Seebeck coefficient of all layered materials 
exhibits positive values across the studied temperature range, confirming a 
dominating hole conduction mechanism. Furthermore, the monolayer structure 
possesses slightly higher 𝑆 values than the other layered materials. Since the 
electronic properties mostly follow a ballistic transport mechanism, the system 
properties are a function of the number of layers. In Figure 5.10(b), the monolayer 
exhibits lower electrical conductivity and increases rapidly at 800 to 1200 °C.  
The Trilayer showed an electrical conductivity of 1.38 msΩ-1, and this increase in 
electrical conductivity is attributed to the bandgap observed from the band structure 
of 3L. The electrical conductivity for 3L is lower than the conductivity of the other 
subsequent configurations, at a lower temperature due to the electronic strain 
caused by the trilayer stack configuration. The strain decreases over higher 
temperatures, allowing electric charges to have sufficient energy, resulting in 
increased electrical conductivity [41]. 
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The electronic properties of the monolayer to multi-layer InP3 by first-principles 
calculations were studied. Easily exfolitable InP3 is predicted, which is dynamically 
stable, and improvement in the bandgap, work function, thermoelectric and optical 
properties was observed. Both 1L and 2L layer material showed energy values of 
1.39 J.m-2 and 0.30 J.m-2 that are suitable for experimental synthesis and, making it 
realistic and easier to separate the layers from the bulk. For configurations, 1L, 2L 
and 3L the cohesive energies likewise are minimal and increases with an increasing 
number of layers at -16.78 eV, -17.61 and -18.15 eV respectively. These results 
show the physical robustness of the material. The bandgap of the bilayer material 
decreased by ~8% compared to the monolayer when HSE06 functional was used 
while the trilayer retained a narrow band structural configuration. Both the thermal 
and dynamic studies showed the robustness nature of the material, with InP3 1L 
having the maximum phonon vibration modes at ~13.5 THz, while the AIMD showed 
no phase transitions and fluctuates in a narrow region at room temperature. 
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Therefore, InP3 monolayer showed more superiority and overall improved 
electronic, optical and transport properties compared to other layer configurations. 
Furthermore, due to the dominant Hove singularity effect observed in the PDOS, 1L 
and 3L showed strong absorption peaks in the near- IR region making it useful for 
thermoelectric applications. The studied properties of InP3 make it an interesting 2D 
material, with potential applications in optoelectronic devices, thermoelectric 
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CONCLUSION AND RECOMMENDATIONS 
 
 
6.1 CONCLUSION  
The main aim of this study was to investigate the thermoelectric properties of ZnO 
based nanomaterials through experimental studies, and that of a 2D InP3 through 
computational studies as potential thermoelectric materials. Furthermore, the study 
aimed to illustrate the effectiveness of Al and TiC modification of ZnO for 
thermoelectric performance enhancement. The ZnO based materials were prepared 
via wet chemical methods where the morphological and textural characterizations 
were carried out by the following techniques:  powder X-ray diffractometer (PXRD), 
transmission electron microscope (TEM), scanning electron microscope (SEM), 
thermal gravimetric analysis (TGA) and ultraviolet-visible spectrophotometer (UV-
Vis). Quantum expresso codes were used for building InP3 structure and the 
properties were obtained via the first-principle calculations, respectively using the 
DFT method. Based on the research questions, experimental data, and 
computational calculations, the following conclusions have been derived: 
We report the successful synthesis of degenerate Al-doped ZnO and its TiC 
modified composite (Al-doped@TiC) by both mechanical alloying and hydrothermal 
methods, and their thermoelectric and transport properties were further 
investigated.  
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 The aim to increase the overall thermoelectric efficiency of ZnO was achieved 
as the thermoelectric property data showed a significant improvement when the 
system was doped with Al and reinforced with 2D TiC. 
 The transport properties, electrical conductivity, and Seebeck coefficient 
showed linear dependences on the Al content due to the increased charge 
carrier concentration that was available at high Al concentrations and the large 
charge mobility. Furthermore, the exponential carrier mobility, in relation to 
temperature, showed activation energy for charge carrier concentration in the 
order of 102meV.    
 Thermal conductivity decreased significantly with temperature, showing the 
inverse relationship between high temperature and thermal resistivity. The 
reason for the trend observed with the thermal conductivity data is that at 
specific temperature ranges there is a different lattice vibration mechanism that 
occurs with a specific energy. Therefore, at high temperatures long-wavelength 
phonons, with the highest energy, are scattered the most leading to the 
decrease in thermal conductivity.  
 TiC nanosheet modification of Al/ZnO resulted in increased electrical 
conductivity and a significant reduction in thermal conductivity of Al/ZnO. A 
strong correlation between the thermoelectric properties and nanostructuring 
was observed for TiC@Al-ZnO. 
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We further illustrated the effect of InP3 multiple-layer configuration systems on the 
transport, optical and thermoelectric properties of InP3 through computational 
modelling. 
 
 Few layers of InP3 demonstrated layer-dependent bandgap. Both bilayer and 
monolayer showed robust indirect bandgap character that can be applied for 
thermoelectric purposes and solar energy harvesting. 
  The bilayer and monolayer InP3 outperformed the bulk and trilayer InP3 
counterparts in terms of higher carrier density and a weaker scattering due to 
enhanced screening.  
 It was observed that the band-edges and work function of the monolayer 
allowed for modification via the Schottky barrier, making the monolayer a 
candidate for a wide range of electronic applications. 
 The strong covalent bonds between phosphorous and indium atoms contribute 













The following recommendations were made based on the outcome of this research: 
 Since only zinc oxide, and Al metal was used as the metal oxide, and the dopant 
respectively, the investigation should be extended to other metal oxides and 
dopants to attain a broad spectrum of data on the influence of other dopants on 
the thermoelectric performance and the electronic structure of the studied 
semiconductors.  
 
 There are still important aspects, such as the electric field, interlayer coupling, 
magnetism and mechanical stability that need to be explored and this could help 
understand other applications of semiconductors in thermoelectricity.  
 
 More experimental studies should be done on InP3 systems to support 
theoretically designed material to determine their thermoelectric performance. 
 
 The combined properties of InP3 make it a very interesting 2D material to study. 
Its vast potential in applications such as nano-electronics, thermoelectricity and 
nanophotonic devices which need to be explored further, opens an opportunity 




   








DATA FOR CHAPTER 4 
 
A.1 Electronic properties (Bandgap) 
 
Figure A1.1 illustrate three zoomed-in major peaks of the synthesized materials, 
namely 2%Al-ZnO and TiC@2%Al-ZnO. The diffractogram show the peaks shift 
slightly towards higher 2θ. This is due to the strain that Al3+ and TiC have on the 
lattice of ZnO. 
 
Figure A1.1: XRD diffractogram of (a) Al-ZnO and (b) TiC composite, 
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Figure A1.2 below illustrates the bandgap dependence of Al-doped ZnO samples, 
and the TiC modified composite. The bandgap decreases respectively with 
increasing Al concentration. The dopant levels introduced in the crystal structure 
increase the Fermi-level toward the conduction and increases the carrier 
concentration, in turn allowing more charge carriers to occupy the conduction band 
increasing the electrical conductivity. An optimized dopant concentration of 2% Al 
was further modified with TiC to increase its electronic transport properties and 
decrease its thermal conductivity.  
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A.2 TRANSPORT PROPERTIES 
 
I. Thermal voltage vs Al content 
 
 
Figure A1.3: Thermoelectric voltage vs Al dopant (%) 
 
II. Electron filtering effect 
 
For clarity, the data for varying Al/ZnO samples are presented below. The figure 
illustrates the activation energy that is related to the Fermi level and barrier height. 






  (A1.1) 
, and it was calculated to be 92 meV. The negative slope (-29 meV) that arises at 
low temperature reveals the chemical potential is higher than the barrier height, 
resulting in fewer electrons having sufficient mobility to move into the conduction 
band. The activation energy is temperature-dependent, as the temperature 
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increases the activation energy eventually becomes positive (30 meV) and the grain 
boundary barrier increases to 122 meV.  
 
 
Figure A1.4: Presents the carrier mobility vs 1000/T data for Al-samples. 
 
III. Activation Energy vs Al% concentration  
 
Figure A1.5 shows the effect of Al concentration on the activation energy (ΦA), 
described by the Femi-Dirac statistic model. Whether or not the barrier height, 
associated with the grain boundary, is above the Fermi level has a significant 
influence on the (ΦA) and as a result, influences the charge carrier mobility and 
concentration. We observe a similar trend for both data sets, where undoped ZnO 
has the highest energy followed by a drastic drop at 0.3% Al. Eventually hitting an 
average of ± 300 meV for 1% and 2% Al.  
 




























Figure A1.5: Shows the effect of Al% concentration on the activation energy, 
or barrier height, of the samples. 







 Fermi level  barrier height(B)
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A.2 STRUCTURAL PROPERTIES 
 
I. Structural Relaxation 
 
The experimental bulk crystal structure is reported first then, to find the equilibrium 
positions and lattice parameters in the unit cell, then the total energy is calculated 
by varying the lattice parameters. Because of the hexagonal geometry of the unit 
cell used to sample the material, only the vector ɑ. The vector c is chosen based on 
the c/ɑ ratio from the experimental data, furthermore, vector c should be suitable for 
the vacuum needed for all the layers. The robustness of the materials was studied 
using two different functionals. For bulk InP3 the bandgap remains 0 eV and exhibits 
some metallic nature, even though the lattice parameters are different. However, the 
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II. Electronic Properties (Band Structure) using GGA-PBE 
 
Electronic band structures of the InP3 bilayer and trilayer using HSE06 
 
 
Figure A2.1: Show the calculated electronic band structures using HSE06, (a) 















Figure A2.2: Illustrates the bandgap-dependence on the layer configuration, 
where 5L represents bulk InP3. Calculated from GGA-PBE and 
HSE06 functionals. 
 
III. Atomization (Cohesive) Energy 
 
The cohesive energy for both the bulk and monolayer was calculated with respect 
to the total energy of isolated In and P atoms using the equations below: 
 
𝐸1𝐿 = 
𝐸1𝐿−2 × 𝐸𝐼𝑛−6 × 𝐸𝑃
2
          (A2.1) 
 
 
𝐸𝐵𝑢𝑙𝑘 =  
𝐸𝐵𝑢𝑙𝑘−6 × 𝐸𝐼𝑛−18 × 𝐸𝑃
6
          (A2.2) 
 
Where, 𝐸1𝐿, 𝐸𝐵𝑢𝑙𝑘 , 𝐸𝐼𝑛 and 𝐸𝑃 are the total energies calculated from using the HSE 
functional for both materials’ isolated In and P atoms. The denominator corresponds 
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of InP3. These findings were accompanied by the Monte Carlo cohesive energy 
calculations of -17.04, -16.78 eV, for bulk and monolayer, respectively. Followed by 
-17.61 and -18.15 eV for 2L and 3L configurations.  
 
